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ABSTRACT 
The Warm Mix Asphalt (WMA) technologies have gained increasing popularity 
in recent years because of its unique property to allow the reduction in mixing and 
compaction temperatures of Hot Mix Asphalt (HMA) mixtures without compromising the 
quality of the mix. On the other hand, one of the reasons for utilizing the Crumb Rubber 
Modified (CRM) asphalt mixtures is that it increases the durability of the pavement by 
reducing the cracking and rutting potential of the pavement. However the CRM mixtures 
require a high mixing and compaction temperatures compared to the conventional HMA. 
Since the temperature requirements for CRM mixtures are more critical during 
construction, WMA technologies are expected to reduce the production and compaction 
temperatures of CRM mixtures. Therefore, since this concept has not been studied in 
detail, an investigation of the binder and mixture properties of warm mix asphalt 
modified rubberized mixes was initiated. 
This research evaluated the effects of Aspha-min® and Sasobit® on five different 
sources of CRM binders in terms of viscosity, complex modulus, and the asphalt binder 
characteristics after long term aging. Based on the statistical analysis it was concluded 
that the WMA additives have an effect on viscosity and regardless of the source of binder 
and additive, viscosity was increased with time after the additive was added to the binder. 
Sasobit® was found effective in decreasing the viscosity of the binder at 135 0C and 
increasing the failure temperature after short term aging. The G* Sinδ value was 
observed to be higher with both the additives indicating an increase in cracking potential 
compared to unmodified CRM binders. Additionally Sasobit® was found to increase the 
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low temperature cracking potential of the binders irrespective of the binder source used, 
as binders containing Sasobit® showed lower m values. 
To evaluate the effect of WMA additives on compaction temperature of the CRM 
mixtures, 192 specimens were prepared (two aggregate sources, four different 
compaction temperatures, four different types of binder and six repetitions). Based on the 
statistical analysis it was concluded that the WMA additives were able to reduce the 
required compaction temperatures by up to 20 0C to 30 0C to get the target air voids. It 
was observed that the addition of WMA increased the %VFA and decreased the %VMA 
irrespective of the aggregate source used in this study. Over 108 specimens were made to 
evaluate the engineering properties of the CRM mixtures, and it was concluded that 
WMA technologies have no negative effect on the CRM mixture’s engineering properties 
such as rutting, moisture susceptibility and resilient modulus (MR). 
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 CHAPTER I 
1. INTRODUCTION 
The “warm mix asphalt” (WMA) refers to technologies which allow a significant 
reduction of mixing and compaction temperatures of asphalt mixes through lowering the 
viscosity of asphalt binders. Reduced mix production and paving temperatures would 
decrease the energy needed to produce the hot mix asphalt (HMA), reduce emissions and 
odors from plants, and make the working conditions better at the plant and paving site 
(Hurley and Prowell 2005 a; Hurley and Prowell 2005 b; Hurley and Prowell 2006; 
Gandhi and Amirkhanian 2007). 
About 300 million scrap tires are generated each year in the United States 
(Rubber Manufacturers Association 2005). The disposal of these scrap tires has been a 
serious issue due to many reasons (e.g., lack of landfill space, environmental issues, etc.). 
Previous studies concluded that rubberized binders could produce asphalt pavements 
which result in decreased traffic noise, reduced maintenance costs and improved 
resistance to rutting and cracking (Huang et al. 2002; Lee et al. 2007; Liang and Lee 
1996; Ruth and Roque 1995; Shen et al. 2005). From these benefits, there is an increasing 
interest in using rubberized binders in HMA pavements in some states in the United 
States and other countries (Bahia and Davies 1994; Lee et al. 2006). 
In general, rubberized asphalt mixes are compacted at a higher temperature than 
conventional mixes, based on the field experience (Amirkhanian and Corley 2004). With 
lower compaction temperatures, the use of rubberized mixes might result in several 
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problems such as inadequate volumetric properties (i.e., high air voids) and poor short-
term and long-term performances. If the technologies of warm mix asphalt are 
incorporated into the mixes, optimum mixing and compaction temperatures of the 
rubberized mixes are expected to decrease and be comparable to those of conventional 
mixes.  Prior to utilizing the rubberized mixes containing warm asphalt additives, the 
rubberized binders with the additives need to be studied in detail, especially the long-term 
performance properties of these mixes. 
A number of warm asphalt additives have been introduced in the industry in 
recent years. For this research study, two additives were evaluated (Aspha-min® and 
Sasobit®). Aspha-min® is sodium–aluminum–silicate which is hydro-thermally 
crystallized as a very fine powder. It contains approximately 21% crystalline water by 
weight. By adding it to an asphalt mix, a fine water spray is created as all the crystalline 
water is released, which results in a volume expansion of the binder, therefore increasing 
the workability and compactability of the mix at lower temperatures (Eurovia Services). 
Sasobit® is a product of Sasol Wax. It is a long chain aliphatic hydrocarbon obtained 
from coal gasification using the Fischer-Tropsch process. After crystallization, it forms a 
lattice structure in the binder which is the basis of the structural stability of the binder 
containing Sasobit® (Sasol Wax). More detailed information regarding the two additives 
can be found in other reports (Hurley and Prowell 2005 a; Hurley and Prowell 2005 b).  
 3
Research Objectives 
The primary objective of the study is to investigate the effects of WMA additives 
on the performance and rheological properties of the CRM binders and to quantify the 
effects of WMA additives on CRM mixtures. The specific objectives of the research 
project include the following. 
a) To conduct a literature review on warm asphalt modified binders and mixtures 
and utilization of crumb rubber in warm asphalt modified binders and 
mixtures. 
b) To determine the high temperature properties of the binders prior to utilizing 
the rubberized mixtures containing warm asphalt additives.   
c) To investigate the long-term performance properties of rubberized warm 
asphalt binders through Superpave binder tests.  
d) To investigate the mid range temperature rheological properties of the CRM 
binders modified with warm asphalt additives.  
e) To determine the molecular distribution of the aged and unaged CRM binders 
modified with warm asphalt additives using gel permeation chromatography 
(GPC).  
f) To determine the optimum range of mixing and compaction temperatures for 
the rubberized mixtures, used in this research, modified with the warm asphalt 
additives. 
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g) To determine the effects of warm asphalt additives with respect to hot mix 
asphalt (HMA) in terms of indirect tensile strength (ITS), rutting resistance 
and resilient modulus (MR) for the rubberized mixtures modified with warm 
asphalt additives. 
h) To perform the statistical analyses on the data to determine the significant 
differences between the warm asphalt modified CRM binders and determine 
correlations between binder properties. 
Significance of Research 
The crumb rubber modified (CRM) binders and mixtures have proven to increase 
the durability of the pavement by reducing the rutting and cracking, and improve the 
environment by decreasing the noise and reducing waste. Temperature requirements for 
CRM mixtures are more critical during construction, with the warm mix asphalt (WMA) 
technology it is expected to reduce the temperature requirements while producing the 
same quality of mix. WMA is a relatively new technology, and the effects of warm 
asphalt additives on rubberized binders and mixtures have not been studied in detail. 
A few studies have been conducted on WMA mixtures and found that warm 
asphalt additives were effective in reducing the mixing and compacting temperatures 
without affecting the mix properties. However, to date there has not been a study on 
WMA modified rubberized mixtures, therefore it was decided to conduct a study to 
establish the optimum range of mixing and compaction temperatures for warm asphalt 
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modified rubberized mixtures and to determine the important parameters such as rutting 
potential and moisture susceptibility of various mixes. 
Scope of Research 
The research objectives were accomplished through the following steps. 
1. Determining the high temperature properties of WMA modified CRM binders 
for five different sources in laboratory using: 
 Rotational Viscometer 
• To study the effects of time after mixing the WMA additives, viscosity 
was measured at 135 0C and 120 0C, after 30, 60 and 90 minutes of 
reaction time 
 Dynamic Shear Rheometer (DSR) 
• High failure temperatures were measured to determine the rutting 
potential of WMA modified CRM binders  
2. Artificially aging the WMA modified CRM binders using SHRP binder aging 
procedures and measured the aged properties of the binders using the 
following procedures 
 Rolling Thin Film Oven (RTFO) aging 
• Short term aging (163 0C, 85 min) 
 Pressure Aging Vessel (PAV) aging 
• Long term aging (100 0C, 20 hours) 
 Bending Beam Rheometer (BBR) 
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• Measure the stiffness and m-value of binders at -12 0C 
 Dynamic Shear Rheometer (DSR) 
• Measure the fatigue cracking properties of the aged binders at 25 0C, 
this temperature was selected based on SHRP specs for control binder. 
3. The following rheological parameters were measured using DSR to determine 
the flow properties of the WMA modified CRM binders 
 Viscosity or flow curves 
 Creep recovery at 3,10 and 50 Pa 
 Repeated creep recovery tests 
 Master curves 
 Black and Cole curves 
4. To determine the potential affects of WMA on aging, the molecular 
distribution of the aged and unaged WMA modified CRM binders, using gel 
permeation chromatography (GPC), were determined. 
5. To determine the effects of compaction temperature on the volumetric 
properties of WMA mixtures, several properties were evaluated using: 
 Two aggregate sources, one binder source, one crumb rubber percentage, 
four different compaction temperatures and two WMA additives. 
6. Engineering properties such as resilient modulus (MR), indirect tensile 
strength (ITS) and rut depths by using asphalt pavement analyzer (APA) were 
measured. 
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Dissertation Organization 
This dissertation is divided into nine chapters. Chapter I give the background and 
objectives of the study. Chapter II is a literature review of the prior research in the area of 
rubberized asphalt mixtures and warm asphalt mixtures, and the use of GPC technique to 
characterize the rubberized warm asphalt binders. Chapter III outlines the statistical 
methods used for analyzing data. Chapter IV includes the high temperature properties. 
Chapter V is about long-term properties of the rubberized warm asphalt binders. Chapter 
VI reports the rheological properties of rubberized warm asphalt binders. Chapter VII 
describes the effect of compaction temperature on the rubberized warm asphalt mixtures. 
Chapter VIII reports the engineering properties of the rubberized warm asphalt mixtures 
Chapter IX reports the correlation properties between binder and mixture properties of 
rubberized warm asphalt and, Chapter X includes the summary of the investigation, 
conclusions of this research and recommendations for future research. 
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CHAPTER II 
2. LITERATURE REVIEW 
Scrap Tire Applications 
In 2005, approximately 299 million scrap tires were generated in the United 
States. The number of scrap tires continues increasing each year (Figure 1), at the same 
time 87 percent of scrap tires are being used for various engineering applications, 
compared to 11percent in 1990. Because of this, the stock pilings in U.S. have been 
decreased drastically (Figure 2.1). 
 
Figure 2.1: Scrap Tire Generation Usage and Stockpiles Data. 
The total number of scrap tires consumed in market has reached approximately 
259 millions in 2005 compared to 299 million generated tires (Rubber Manufacturers 
Association 2005). This indicates 8-fold increase in the percentage scrap tires going into 
the market compared to 1990. Scrap tires were consumed by variety of scrap tire markets 
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 (Figure 2.2). Among those markets 
about 49 million scrap tires, which is about 16 percent
tires are being used for the applications like tire shreds used in road and land fill 
construction, septic tank leach fields and other construction applications. Tires add 
beneficial properties in the applications like vibration and sound control, light weight fill 
to prevent erosion and landslides
Figure 2.2: 2005 U.S Scrap Tire Dispositions (in Percentage)
Ground rubber applications market consumed nearly 38 million tires in 2005, or 
about 12 percent of the scrap tires generated. Ground rubber 
rubber products, play ground and other sports surfacing and rubber modified asphalt. The 
asphalt market uses ground rubber to modify the asphalt binder used in road paving to 
increase the durability of pavements.
growth in next few years (Rubber Manufacturers Association 2005).
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Crumb Rubber 
Manufacturing of tire rubber involves vulcanization process, an irreversible action 
between elastomers, sulfur and other chemicals, producing crosslinks between the 
elastomer molecular chains and leading to the formation of three dimensional chemical 
networks. These crosslinks are solid, infusible and insoluble thermoset materials, this 
makes the direct reprocessing and recycling of tire rubber impossible. Therefore, the 
environmental problems caused by the tires have become serious in the recent years 
(Mark James, E., Erman, Burak 2005). Even though Charles Goodyear initiated the 
efforts to recycle cured rubber wastes through grinding method 150 years ago (C. 
Goodyear 1853), the development of suitable technology is still one of the problems the 
rubber industry facing now. 
 Approximately 88 percent of scrap tires are being consumed every year and the 
rest are adding to existing stock piles of 188 million scrap tires throughout the United 
States (Rubber Manufacturers Association 2005, Scrap Tire Management Council 2005). 
These stockpiles create serious problems such as fire dangers and provide breeding 
grounds for rodents, snakes, mosquitoes and other pests, causing health hazard and 
environmental problems (Snyder, R.H. 1998, Clark et al. 1992, Jang et al. 1998, USEPA 
1993). 
A number of methods have been applied in attempt to find more effective ways to 
recycle the scrap tires, one of the methods among them is to use the crumb rubber in 
modification of asphalt binders. It is reported that the asphalt industry can absorb up to 
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40% of scrap tires (Avraam I. Isayev 2005). Tire rubber, in general, is comprised of 
natural, synthetic rubbers, carbon black and other mineral fillers. Though the natural and 
synthetic rubber percentage varies from truck tire to passenger car tires, the ground 
rubber is quite uniform and the ground rubber industry is not based on specific type of 
tire (Ruth 1997).  
In general, CRM asphalt can be divided into two categories, the wet process and 
the dry process. The wet process is the most efficient in improving properties of an 
asphalt mixture (Takallou, H.B. et al. 1991). Crumb rubber is known to absorb liquids 
and swell, depends on the temperature and viscosity of the liquids it is absorbing (Treloar 
1975, Gawel Irena et al. 2006). Interaction of the rubber particles with the asphalt binder 
can be affected by several factors such as temperature and type of mix, rubber size and 
texture, chemical composition of the asphalt binder (Mathias Leite et al. 2003). Scrap 
tires used as crumb rubber modifier for asphalt, improve paving performance and safety 
by being a cost effective modifier for the highway pavement industry (Rouse, M, 1995, 
McDonald 1966, Little 1986, Button et al. 1987, Raad and Saboundjian 1998, 
Amirkhanian 2003). 
Rubberized Asphalt 
About 299 million scrap tires are generated every year in the United States. The 
disposal of these has been a serious issue since many state regulations are not allowing 
land filling (Putman 2005, Rubber Manufacturers Association 2002). Asphalt industry 
has been involved for many years to incorporate the scrap tires in the asphalt binder by 
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reducing the scrap tire to crumb rubber by using different mechanisms. This crumb 
rubber will be added to asphalt before adding the asphalt to aggregate through commonly 
used wet process to produce hot mix asphalt (HMA) (Putman 2005, Xiao 2006). 
The use of crumb rubber modified (CRM) asphalt mixtures have been increasing 
steadily. One of the reasons for this increase was the Intermodal Surface Transportation 
Efficiency Act of 1991 mandating the use of these materials (Troy Kenneth et al. 1996). 
And some other studies concluded that rubberized binders could produce asphalt 
pavements which result in decreased traffic noise, reduced maintenance costs and 
improved resistance to rutting and cracking (Huang et al. 2002; Lee et al. 2007; Liang 
and Lee 1996; Ruth and Roque 1995; Shen et al. 2005, Hicks 1995, Way, 2003). In 
addition, there are other uses for these materials. For example adding crumb rubber to 
asphalt binder increases the damping ratio of asphalt mixes. It has been reported that the 
CRM mixture is a viable material to use to achieve vibration attenuation of railway track 
beds (Zhong et al. 2002). Due to these benefits, there is an increasing interest in using 
rubberized binders in HMA pavements in some states in the Unites States and other 
countries (Bahia and Davies 1994; Lee et al. 2006).  
However, there are many issues that must be considered. For example the increase 
of rubber content produces a decrease in the value of resilient modulus of mixtures, 
therefore, an increase in flexibility. In addition the incorporation of the rubber in the 
conventional asphalt binders can reduce the indirect tensile strength of modified mixtures 
(Xiao et al. 2007). Rubberized asphalt mixes require higher mixing and compacting 
 13
temperatures (Amirkhanian and Corley 2004), hence creating potential problems with 
emissions. Because of these issues getting the permission for asphalt plant in the city 
limits becomes a very difficult task in many parts of the country. By introducing the 
technologies of warm mix asphalt, optimum mixing and compaction temperatures of the 
rubberized mixes are expected to decrease and be comparable to those of conventional 
mixes. 
Warm Mix Asphalt Background 
Asphalt mixtures are normally divided into two categories hot mix asphalt (HMA) 
and cold mix asphalt, a third less common category is warm mix. In general hot mix 
asphalt properties are much better than cold mix asphalt so HMA is being used for the 
higher volume traffic. The type of mix and grade of any binder largely governs the 
temperature of the mix. Though, the cold mix asphalts are more environmentally friendly, 
unfortunately cold mix properties are poor due to the poor coating of the aggregate and 
the presence of water in the mix reduces the effect of the compaction. And the cold mix 
asphalt needs a curing time to open up to traffic, therefore, the cold mix asphalts are not 
used for a higher traffic volume road (Olle, R. Larsen et al. 2004). To overcome some of 
these problems, a study conducted by Kolo Veidekke suggested the asphalt mix at 
somewhat lower temperatures than conventional HMA that was called as warm asphalt 
(Koenders B.G. et al. 2000). The testing on this warm asphalt was successfully conducted 
in both laboratory and in the field in Norway, Britain and Netherlands before they 
concluded that the test results are satisfactory. The production temperature of Warm mix 
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asphalt (WMA) is in the range of 100-140 0C, where as for HMA it ranges between 150-
170 0C (AAPA, 2001). After WMA was introduced in 2000, it attracted considerable 
attention of the highway engineering community because of its advantages over both 
HMA and cold mix asphalt (Kuennen, T; NCAT 2005). The main advantage with the 
warm asphalt is to reduce temperatures of production and placement, producing less 
fumes, less emissions at the plant, less energy consumption, less wear and tear on the 
plant and less aging of the binder (Margaret Blain Cervarich 2003, Hurley and Prowell 
2005, Gandhi and Amirkhanian 2007). 
The utilization of WMA is simple and does not require any major plant 
modifications to the existing HMA plant system. The WMA technologies are patented 
and the manufacturing processes are different (NCAT, FHWA). Aspha-min® is a fine 
powder which releases its hydration bound water and creates foaming to asphalt binder, 
the lubricating action keeps the mix workable at a temperature range between 130-140 0C 
(FHWA, Jones W, 2004). Sasobit® contains the organic additives which are mixed with 
asphalt binder, which melts at about 100 0C and these chemically change the temperature 
-viscosity behavior of the asphalt binder. So the mix remains workable at a low 
temperature of 90 0C (Jones W, 2004). Warm asphalt technology seems quite promising 
since it reduces carbon dioxide emissions by 30%, it consumes 30% less energy and 
reduces dust emissions by 50-60% compared to conventional HMA production (ODOT 
2006). 
 15
WMA Technologies and Field Implementations 
There are many ways to classify WMA technologies; one of them is by the degree 
of temperature reduction. Generally, the warm mix asphalt production and lay down 
temperatures are 20 to 30 0C below HMA to temperatures slightly above 100 0C. If the 
temperature of the mix at the plant is less than 100 0C, the mix is considered as half warm 
mix, which is in between cold mix and warm mix.(Brian D, Prowell; 2007). The other 
ways of classifying warm mix asphalt are by using water to produce foam in the asphalt 
and use some inorganic additives or wax to reduce temperature. When small amount of 
water is added to the hot asphalt, the water turns to steam at atmospheric pressure and the 
asphalt binder expands (Yunus, C; M. Boles; 1994). The volume expansion of the binder 
phase corresponds to reducing the viscosity of the mixture. The amount of expansion 
varies depending on a number of factors including the amount of water added and the 
temperature of the binder (Jenkins, K; 2000). The organic additives processes like 
Fischer-Tropsch wax, Montana wax and fatty amides have shown considerable reduction 
in viscosity of the asphalt binder. Care should be taken to select the wax, such that the 
melting point of the wax should be considered for service temperature otherwise 
permanent deformation may occur (Brian D, Prowell; 2007).  
The FHWA team of thirteen material experts from the U.S. visited the European 
countries (Norway, Germany, Belgium and France) in May 2007 to assess and evaluate 
various technologies for reducing the temperatures at which HMA is mixed and 
compacted. The scan team was included the members from various organizations like 
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AASHTO, FHWA and from different asphalt contractors and consultants. They tried to 
learn the technologies the other countries are using and to understand the conventional 
differences in HMA practices between U.S and the several European countries visited. 
The main motive of the team was to put the technology in practice in U.S. and make it 
more efficient. The scan team visited the field trials in Germany, Norway, and France and 
they monitored the permanent deformation, layer thickness, and a surface condition for a 
minimum of five years. 
The U.S. industry has developed some warm mix asphalt technologies like 
Evotherm. In the original process, an emulsion is mixed with hot aggregates to produce a 
resulting mix temperature between 85 and 115 0C. In the new process, the emulsion is 
produced using a chemical package which is designed to enhance coating, adhesion and 
workability. Astec industry is developing a foaming system that can be retrofitted to an 
existing HMA plant to produce WMA. The system uses a manifold with ten nozzles to 
produce the foam. Approximately 1 lb of water is used for a ton of mix, it will create the 
foam and expand the binder 18 times. The resulting mixing temperatures are around 135 
0C and compacting temperatures are around 115 0C (ASTEC, 2007, Prowell, 2007). 
Mathy Construction Company developed a surfactant, which is injected in-line in 
conjunction with an expansion chamber to cause foaming and help lubricate the mix. The 
surfactant reduces the volatility of foam and increases the resulting foam. WMA using 
this process is typically produced at 100 0C. Trial sections were laid in Minnesota and 
Wisconsin in 2007.  
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WMA Performance 
The overall conclusion from scan team in the Europe was that the WMA should 
provide equal or better performance than HMA. In Germany, laboratory and field 
performance data was presented to U.S. scan team on seven WMA test sections being 
monitored by federal highway research institute in Germany (BASt). In all cases, the test 
sections had the same or better performance than the HMA control sections 
(Harnischfeger, S., 2007). In France, both laboratory and field trials have been conducted 
on various WMA processes. Laboratory studies have included: gyratory tests for 
workability or estimation of field compaction, wheel tracking tests for rutting resistance, 
Duirez test for moisture resistance, and fatigue tests. There was an improvement in 
workability for the WMA; the rutting resistance for WMA was the same as for HMA. 
The moisture sensitivity for WMA samples were lower compared to HMA mixtures. The 
fatigue tests indicated similar results. In general, the scan team observed that even though 
the paving is conducted at cooler temperatures, the density of mix was within the 
specifications. In addition, they concluded that other advantages included the ability to 
haul the mix longer distances and still have workability to place and compact, and 
abilities to run high percentages of RAP. 
Case studies were presented in Germany where paving has been completed with 
various technologies when ambient temperatures were between -3 and 4 0C. HMA 
containing Sasobit® was reportedly hauled up to 9 hours in Australia, and the material 
could still be unloaded. In Germany, a case study was presented to the scan team where 
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45 percent RAP was used in the base course. In Netherlands, both LEAB (the foam 
asphalt producing technology in Netherlands) and HMA are routinely produced with 50 
percent RAP. Trials have been conducted in Germany with 90 to 100 percent RAP using 
Aspha-min® zeolite and Sasobit®. Because of the ability to improve the compaction 
effort even at low temperatures, WMA can be used for deep patches on existing 
pavements, such as those placed when repaving the Frankfurt Airport where Sasobit® 
was used.  (Brian D, Prowell; 2007). 
Compatibility of Warm Mix Asphalt 
Even though some studies have been conducted on the compatibility of the warm 
asphalt additives on the asphalt binders (Gandhi and Amirkhanian, 2007), and on HMA 
mixtures (Hurley and Prowell, 2006; Barthel, et al.; Hurley and Prowell, 2005), not 
much has been studied on the compatibility of these warm asphalt additives with the 
CRM binders and their effects on rubberized mixtures. Therefore, this study was initiated 
to investigate the effects of warm asphalt additives on the CRM binders and on warm 
asphalt modified CRM mixtures. The NCAT study revealed that the WMA modified 
mixes were not effective in resisting rutting, due to the fact that the mixture will undergo 
less aging temperature compared to conventional HMA (NCAT 2005). The research 
performed on the high temperature properties of the WMA modified CRM binders has 
concluded that these additives will improve the rutting resistance of the CRM binders 
compared to the conventional binders by improving the failure temperatures of WMA 
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modified CRM binders, though the rutting is not purely dependent on the asphalt binder 
properties (Chandra K, Akisetty et al. 2007). 
The preliminary results in the above research indicated that the rubberized binders 
containing Sasobit® showed the highest stiffness and lowest m-value properties 
irrespective of the binder source, indicating that the addition of Sasobit® may result in 
the binder less resistant to low temperature cracking. This finding is consistent with the 
previous study. Edwards et al. reported that binders with Sasobit® showed the higher 
stiffness and lower m-value compared to conventional binders due to the wax 
crystallization, which usually increases the resistance of plastic deformation of asphalt 
binders (Edwards et al. 2006). In addition, studies regarding the effect of wax on binder 
performance have reported different results mainly depending on binder itself and 
amount of the additive, which are related to crystallizing and melting properties of wax in 
the binder (Gawel et al. 1998; Planche et al. 1998; Butz et al. 2001; Edwards et al. 2003; 
Edwards et al. 2006). The effects of Sasobit® on asphlat pavements have not been 
investigated in great detail (Soenen et al. 2004). More research work is needed to 
determine the effects of this product on the performance of various mixtures around the 
county.    
It is important to study the effects of warm asphalt additives on CRM mixtures 
since the NCAT study revealed that these additives increased the tendency of rutting and 
moisture susceptibility of the warm asphalt modified mixtures. NCAT study has also 
revealed that the warm asphalt additives increase the compactability of the HMA and 
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resulted in less air voids with the Superpave gyratory compactor with the exception of the 
Sasobit®. Also, it was observed that the addition of Sasobit® to the binder increased the 
stiffness of the binder, and necessary corrections need to be made by using a lower grade 
binder. The reduction of air voids in the mixture could also mean that the optimum 
asphalt binder could be lowered. However, NCAT does not recommend this, as more 
research is needed to investigate this issue, and also the lowering of asphalt content could 
negate the improved compactibility of the mixtures (NCAT 2005). 
In another study the authors indicated that HMA producers are unlikely to adopt 
WMA technology purely for the benefits of lowered emissions and reduced fuel costs 
(Kristjánsdóttir, et al., 2007). They indicated that the current environmental regulations 
and relatively clean nature of HMA make it unprofitable to use WMA unless in select air 
pollution areas (e.g., Los Angeles, etc.). Also, the reductions in fuel costs can be offset by 
the price of the WMA technologies, unless the producers are in an energy expensive 
market. They also noted that the reduction in the viscosity makes the best business case 
for WMA, as reduced viscosity can alleviate the compaction problems associated with 
cold weather paving, reduce compaction equipments needed at the job site and improve 
the workability with stiff mixtures.  
In another study, it was concluded that the viscosity of rubberized binders with 
Aspha-min® increased due to the filling effect of the additive, and Sasobit® was found to 
decrease the high temperature viscosity of the binders (Chandra K, Akisetty et al.). 
Another study conducted at Clemson University by the same author observed that 
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addition of Sasobit® increased the viscosity of the CRM binders at mid-range 
temperatures (60 0C). This means that the addition of Sasobit® reduces the viscosity of 
the binder at high temperatures and increases the viscosity at mid-range temperatures, 
which makes it more workable at higher temperatures and stiff, and therefore, more 
resistant to penetration and rutting at mid-range temperatures (Gandhi and Amirkhanian, 
2007, Chandra K, Akisetty et al. 2007). Sasobit® modified CRM binders have shown 
more recovery from the deformation in the creep recovery tests.  
Gel Permeation Chromatography (GPC) 
High pressure gel permeation chromatography (HP-GPC) is used to identify 
different molecular sizes in the asphalt binder (Churchill et al. 1995, Shen et al. 2006), 
like LMS (large molecular size), MMS (medium molecular size) and SMS (small 
molecular size). The cracking and rutting potential of the asphalt binder may be estimated 
from the molecular distribution of asphalt binder (Jennings et al. 1981). Asphalt binders 
with increased area in LMS have shown increased tendency to crack. Warmer climates 
need more LMS area in asphalt binder compare to the colder climates do. Binders with 
lower asphaltene contents indicated a higher rutting susceptibility and binders with lower 
amounts of napthene aromatics showed an increase resistance to cracking (Jennings et al. 
1985).  
Glover et al. performed research on various asphalt sources from Texas and found 
that the viscosity-temperature susceptibility correlated well with the LMS and SMS 
portion of the chromatograms for the virgin asphalts, but did not correlate well with the 
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extracted binder from cores taken from the test sections (Glover et al. 1988). For both 
virgin and extracted binders, the penetration index did not correlate well with GPC 
results. Ageing of the asphalt binder increases the LMS portion of the binder hence 
increase the viscosity of the binder (Al-Abdul Wahhab et al. 1999). The same study found 
that polymer modification increases the LMS of the asphalt binder, the researchers found 
that SBS modification increases the LMS of the binder more compared to the CRM 
modification. 
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CHAPTER III 
3. STATISTICAL ANALYSIS METHODS 
Introduction 
In this research project, the study was classified into two types: binder properties 
and mixture properties. The binder test experimental design consisted of three warm 
asphalt additives: Control (i.e., 10%CRM), 10%CRM+Aspha-min®, 
10%CRM+Sasobit®, and five different binder sources (A, B, C, D and E). In the 
evaluation of mixture properties, the experimental design consisted of four types of 
additives: Control (i.e., 0% rubber), 10% CRM, 10%CRM+Aspha-min®, 
10%CRM+Sasobit®, and two aggregate sources (A and B).  
The statistical analysis system (SAS) and Microsoft Excel were used to perform 
the statistical analysis on the research data. To evaluate the binders, warm asphalt 
additives were considered as primary treatments and binder sources were considered as 
blocks in the analysis. To evaluate the mixture properties, warm asphalt additives were 
considered as primary treatments and aggregate sources were considered as secondary 
treatments or blocks. A Randomized Complete Block Design (RCBD) was created using 
the above primary and secondary treatments. The RCBD was chosen because of its 
advantage to reduce the variability due to blocks by decreasing the error of estimation for 
a comparison of treatment means. RCBD is useful to find the effect of primary treatments 
(warm asphalt additives) on the properties of binders irrespective of its blocks (binder 
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sources). To evaluate the mixture properties, the RCBD was also chosen similarly to the 
procedures used in analyzing the binder properties. 
The following linear model was used for each combination of materials. 
          	    
    
Where, 
 = Observation in experimental unit in ith unit and jth block. 
 = Overall mean 
 = an effect due to treatment I, an unknown constant. 
	 = an effect due to block j, an unknown constant. 

 = A random error associated with the response from ith treatment and jth 
block. 
(
 is assumed to be distributed normally with a mean of zero and a constant 
variance). 
The analysis of variance (ANOVA) was then performed for the RCBDs 
developed as per Table 3.1 (Ott and Longnecker, 2001). The ANOVA was performed to 
determine if a significant difference among sample means existed among different 
treatments (warm asphalt additives) and between different blocks (aggregate / binder 
sources). The calculations for ANOVA analysis were performed using the general linear 
model (PROC GLM). The null hypothesis (H0) assumes that all the sample means are 
equal and the alternative hypothesis (HA) assumes that at least one sample mean is 
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different. If H0 is rejected at the 5% confidence level, then the least significant difference 
(LSD) test is used to identify which treatments are different. 
Table 3.1: Analysis of Variance Table for RCBD. 
Source Degrees of freedom Sum of squares Mean square F-test 
Treatments t-1 SST MST=SST/(t-1) MST/MSE 
Blocks b-1 SSB MSB=SSB/(b-1) MSB/MSE 
Error (t-1)(b-1) SSE MSE=SSE/(t-1)(b-1)  
Total bt-1 TSS   
 
Where, 
SST=treatment sum of squares in between 
SSB=block sum of squares in between 
SSE=sum of squares for error 
If the difference between two means is greater than or equal to the LSD, then the 
means are said to be significantly different. The LSD was calculated by using the 
following equation (Ott and Longnecker, 2001): 
  /   

  
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Where, 
ni and nj are respective sample sizes 
α = 0.05 used in this research 
/ = t value at /2 and the degrees of freedom 
 = mean square within sample 
Regression analyses was performed to investigate the relationship of the resilient 
modulus of WMA modified CRM mixtures at 40 0C with the high temperature binder 
properties like viscosity, G*/Sin δ and rutting properties of the mixtures. The model used 
in analyzing the data can be expressed as follows. 
             
Where Y= dependent variable 
a1, a2, a3,…an = coefficients of independent variables, which are unknown 
X1, X2, X3,    Xn = independent variables 
 = error effect 
The regression analyses in Microsoft Excel were used to develop the prediction 
models. The parameters used for regression analyses were selected based on the 
correlation coefficient (R2) for a linear model.  
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CHAPTER IV 
4. HIGH TEMPERATURE PROPERTIES OF RUBBERIZED BINDERS 
CONTAINING WMA ADDITIVES 
Introduction 
The temperature requirements for the rubberized asphalt mixtures are critical 
(Amirkhanian and Corley, 2004). Therefore, with the introduction of warm mix asphalt 
additives into the rubberized mixtures, it is expected to reduce the mixing and 
compaction temperatures. The properties of the binders need to be investigated prior to 
using the rubberized mixtures containing warm asphalt additives. However, the effect of 
warm asphalt additives on rubberized binders has not been studied in detail. 
The main objective of this portion of the research was to investigate the high 
temperature properties of rubberized warm asphalt binders using selected Superpave 
binder tests. The rubberized binders were produced in the laboratory incorporating one 
CRM source (ambient -40 mesh) and one CRM percentage (10% by weight of asphalt 
binder) into five base binders. The rubberized warm asphalt binders were manufactured 
with two different warm asphalt additives, Aspha-min® and Sasobit®, and artificially 
short-term aged using the rolling thin film oven (RTFO) procedure. The viscosity and 
rutting properties for the binders in the original state, and the rutting properties after the 
RTFO aging process were evaluated.  Figure 4.1 shows a flow chart of the experimental 
design used in this study. 
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Warm Asphalt
Process 1
(b)
Rotational Viscometer
(unaged)
     * 2 Temperatures 
        (135 and 120 C)
     * 3 Periods 
       (30, 60, and 90 minutes)
                    (n = 3)
RTFO aging
(163 C for 85 minutes)
Control Binder
(a)
Warm Asphalt
Process 2
(c)
Same Testing 
Procedures as (b)
CRM Binder Production
(10% by binder wt.)
* 177 C
* 30 minutes
Same Testing 
Procedures as (b)
DSR
 (unaged)
(n = 3) 
DSR
(RTFO residual)
(n = 3) 
 
Figure 4.1: Flow Chart of Experimental Procedures. 
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Experimental Program 
Materials 
Asphalt Binders 
Five PG 64-22 asphalt binders designated as A, B, C, D, and E from different 
crude sources were used in this study. Binder A was a mixture of several sources that 
could not be identified by the supplier, binders B, C, D, and E were from Venezuela, 
Texas, Middle East and Canada sources, respectively. Each binder was graded in 
accordance with AASHTO M320 to verify the performance grade. Table 4.1 summarizes 
the properties of the five base binders included in this study.  
Crumb Rubber Modifier (CRM) 
According to supplier, the CRM produced by mechanical shredding of passenger 
car tires at ambient temperature was obtained from one source: -40 mesh (0.425 mm) and 
used with a gradation as shown in Table 4.2, which is typically used to produce the CRM 
mixtures in South Carolina (Shen et al. 2007). To ensure that the consistency of the CRM 
was maintained throughout the study, only one batch of crumb rubber was used. 
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Table 4.1: Properties of Five Base Binders (PG 64-22). 
Aging states Test properties 
Binder sources 
A B C D E 
Unaged binder 
Viscosity at 135 °C (Pa-s) 0.405 0.626 0.457 0.600 0.420 
G*/sin δ at 64 °C (kPa) 1.24 1.99 1.12 1.82 1.46 
Failure temperature, °C 65.8 69.7 64.9 69.0 67.1 
RTFO aged residual 
G*/sin δ at 64 °C (kPa) 3.30 6.09 2.53 5.72 4.04 
Failure temperature, °C 67.0 72.0 65.1 71.3 68.6 
RTFO + PAV 
aged residual 
 
G*sin δ at 25 °C (kPa) 2970 2420 1704 2110 2565 
Stiffness at -12 °C (MPa) 183 129 117 120 132 
m-value at -12 °C 0.311 0.345 0.320 0.356 0.335 
 
 
Table 4.2: The Gradation of Crumb Rubber Used in this Study. 
Sieve No. (µm) 
Ambient CRM 
% Retained % Cumulative  Retained 
30 (600) 0 0 
40 (425) 9.0 9.0 
50 (300) 31.9 40.9 
80 (180) 32.9 73.8 
100 (150) 7.6 81.4 
200 (75) 18.6 100.0 
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Production of Rubberized Warm Mix Asphalt 
The binder mixing used in this study was the wet process, in which the CRM is 
added to the base asphalt binder before introducing it in the asphalt concrete matrix 
(Putman 2005; Shen et al. 2007; Xiao 2007). The CRM binder was produced in the 
laboratory at 177 °C for 30 minutes by an open blade mixer at a blending speed of 700 
rpm (Lee et al. 2007; Shen et al. 2006). The percentage of crumb rubber added for the 
CRM binder was 10% by weight of the base binder. This mixing condition matches the 
practices used in South Carolina to produce field mixtures (Lee et al. 2006).  
Two of the available commercial warm asphalt additives were selected for 
making the rubberized warm asphalt binder. Process 1 included addition of Aspha-min®, 
a chemical powder at specified concentration (0.3% by weight of the mixture – a binder 
content of 6% was assumed, and the additive was added to the binder) followed by 
mixing with a stirrer to disperse the powder throughout the rubberized binder. Process 2 
included addition of Sasobit®, pellets at a specified concentration (1.5% by weight of the 
binder) followed by mixing with a shear mixer for 5 minutes to achieve consistent mixing 
(Gandhi and Amirkhanian 2007). The rubberized warm asphalt binders were then 
artificially short-term aged through the rolling thin film oven (RTFO) aging for 85 
minutes at 163 °C (Asphalt Institute 2003). 
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Superpave Binder Tests 
Each rubberized warm asphalt binder was tested using a rotational viscometer and 
dynamic shear rheometer (DSR) to evaluate its high temperature properties. A Brookfield 
rotational viscometer was used to test the viscosity of the binders at 135 °C, the standard 
test temperature, and at 120 °C, which is the compaction temperature generally used for 
warm asphalt mixtures. To evaluate the effect of time on the viscosity after mixing the 
warm asphalt additives, viscosity was measured after 30, 60, and 90 minutes of adding 
the warm asphalt additives.  
The DSR was used to determine the high failure temprature for each rubberized 
warm asphalt binder both in the original state (unaged) and after short-term aging in the 
RTFO in accordance with AASHTO T 315 (with the plate gap adjusted to 2 mm). The 
plate gap adjustment was used to eliminate the influence of rubber particle size 
(Heitzman 1992, Kim et al. 2001, Zanzotto and Kennepohl 1996). Three duplicate 
samples were tested and the results were reported as the average of these tests. 
Results and Discussions 
High Temperature Viscosity 
The viscosity of asphalt binders at high temperature is considered to be an 
important property because it represents the binder’s ability to be pumped through an 
asphalt plant, thoroughly coat aggregate in asphalt concrete mix, and be placed and 
compacted to form a new pavement surface (Asphalt Institute 2003). Figure 4.2 illustrates 
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the viscosity values at 135 °C and 120 °C for rubberized warm asphalt binders. A general 
trend was found indicating that the addition of Aspha-min® into rubberized binder 
increased the binder’s viscosity at both testing temperatures, compared to the control 
rubberized binder. However, the addition of Sasobit® resulted in reducing the viscosity 
of the binder significantly, and this finding was true for all binder sources regardless of 
the testing temperature. The increase in the viscosity of rubberized binder with Aspha-
min® is thought to be caused by the addition of fine power to the binder, which acts as a 
filler. In reality, Aspha-min® is added to the mixture and a very fine water spray is 
created as all the crystalline water is released, which causes volume expansion, thereby 
increasing the workability and compatibility of the mixture (Eurovia Services). In terms 
of the rubberized binders containing Sasobit®, it is reported to form a homogeneous 
solution with the base binder on stirring, and to cause a reduction in the binder’s viscosity 
(Sasol Wax). 
The statistical significance of the change in the viscosity as a function of warm 
asphalt additive and binder source was examined and the results are summarized in 
Tables 4.3 and 4.4. It is evident from the results that the binder source has a significant 
effect on the viscosity of the rubberized warm asphalt binders. When compared within 
each binder source, the binders were found to have a significant difference in the 
viscosity depending on the warm asphalt additive for all binder sources, with only 3 
exceptions among all 30 comparisons at the two test temperatures of 135 °C and 120 °C. 
 
 34
 
          (a) 
 
                                                      (b) 
Figure 4.2: Viscosity of Rubberized Warm Asphalt Binders; (a) 135 0C and (b) 120 0C. 
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Table 4.3: Statistical Analysis of the Viscosity at 135 0C of Rubberized Warm Asphalt Binders as a 
Function of Additive and Binder Source (α =0.05). 
Binder  
Source 
A B C D E 
1* 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
A 
1* - S S S S S S S S S S S S S S 
2  - N S S S S S S S S S N S S 
3   - S S S S S S S S S S S N 
B 
1    - S N S S S S N S S S S 
2     - S S S S S S S S S S 
3      - S S S S N S S S S 
C 
1       - S S S S S S S S 
2        - S S S S S S S 
3         - S S S S S S 
D 
1          - S S S S S 
2           - S S S S 
3            - S S S 
E 
1             - S S 
2              - S 
3               - 
* Rubberized warm asphalt binder   1: Control    2: Aspha-min®                    
3: Sasobit®        N: non-significant,              S: significant 
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Table 4.4: Statistical Analysis of the Viscosity at 120 0C of Rubberized Warm Asphalt Binders as a 
Function of Additive and Binder Source (α=0.05). 
Binder  
Source 
A B C D E 
1* 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
A 
1* - S S S S S S S S S S S S S S 
2  - S S S S S S S S S S S S N 
3   - S S S S N S S S S S S S 
B 
1    - S S S S S S S S S S S 
2     - S S S S S S S S S S 
3      - S S S N S S S S S 
C 
1       - S S S S S S S S 
2        - S S S S S S S 
3         - S S S S S S 
D 
1          - S S S S S 
2           - N N S S 
3            - S S S 
E 
1             - S S 
2              - S 
3               - 
* Rubberized warm asphalt binder   1: Control    2: Aspha-min®                                                           
3: Sasobit®        N: non-significant,              S: significant 
 Figures 4.3 and 4.4 show the effect of time after mixing the warm asphalt 
additives for 5 different binder sources. Generally, the longer the period after mixing the 
additive seemed to lead to an increase in viscosity values of binders regardless of the 
additive type. However, it was quite difficult to find a consistent trend for all asphalt 
binder sources. Also, it was observed that the addition of warm asphalt additives, Aspha-
min® and Sasobit®, increased the variance of viscosity tests, especially at lower test 
temperature of 120 °C. 
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         (a) 
 
 
       (b) 
 
(c) 
Figure 4.3: Viscosity of Rubberized Warm Asphalt Binders as a Function of Time at 135 0C;            
(a) Control, (b) Aspha-min® and (c) Sasobit®. 
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(a) 
 
         (b) 
 
(c) 
Figure 4.4: Viscosity of Rubberized Warm Asphalt Binders as a Function of Time at 120 0C;            
(a) Control, (b) Aspha-min® and (c) Sasobit®. 
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The effects of warm asphalt additive on the viscosity within each source of the 
binder and the effects of time on the viscosity between rubberized binders with Aspha-
min® and Sasobit® were evaluated for all binders. The statistical results for binder 
source A are shown in Table 4.5. Binder sources B, C, D and E produced similar trends 
when compared within each binder source. The results indicated that the viscosity change 
between 60-minute and 90-minute was statistically insignificant within each warm 
asphalt additive. Overall, there were significant differences as a function of time between 
rubberized binders with Aspha-min® and Sasobit®. Also, the viscosity differences 
between the control binder and the binder with Aspha-min® at a test temperature of 120 
°C were statistically significant for all reaction times used in this study. 
High Failure Temperature 
Original state binder (no aging) 
The higher failure temperature values are generally considered desirable attributes 
from the standpoint of resistance to permanent deformation at high pavement temperature 
(Asphalt Institute 2003). The high failure temperature of rubberized warm asphalt binders 
in the original state was measured and the results are shown in Figure 4.5. In general, the 
rubberized binder with Sasobit® resulted in the highest failure temperature, followed by 
the rubberized binder with Aspha-min®. For all five binder sources, the control 
rubberized binder (i.e., without warm asphalt additive) showed the lowest failure 
temperature. 
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Table 4.5: Statistical Analysis Results of the Viscosity of Rubberized Warm Asphalt Binders as a 
Function of Additive and Time (α=0.05) at (a) 135 °C and (b) 120 °C (Binder Source A). 
(a) 
Viscosity 
(135°C) 
Control Aspha-
min® Sasobit® 
1* 2 3 1 2 3 1 2 3 
Control 
1* - N N S N N S S S 
2  - N N N N S S S 
3   - N N N S S S 
Aspha-min  
1    - S N N S S 
2     - N S S S 
3      - S S S 
Sasobit® 
1       - N N 
2        - N 
3         - 
 
Viscosity 
(120°C) 
Control Aspha-
min® Sasobit  
1* 2 3 1 2 3 1 2 3 
Control 
1* - N S S S S N N N 
2  - N S S S S N N 
3   - S N S S S N 
Aspha-min® 
1    - N N S S S 
2     - N S S S 
3      - S S S 
Sasobit®  
1       - N S 
2        - N 
3         - 
* time  1: 30 minutes  2: 60 minutes  3: 90 minutes N: non-significant,              
S: significant 
(b) 
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Figure 4.5: High Failure Temperature of Rubberized Warm Asphalt Binders (No Aging). 
 
Based on the results, it is predicted that the rubberized binders containing the 
inorganic additive Aspha-min® or the aliphatic hydrocarbon Sasobit® have better rutting 
resistance compared to the control rubberized binder. Similar to the viscosity results, the 
rubberized warm asphalt binders produced with binder source B showed significantly 
higher failure temperature values than those made from the binder sources A, C, D, and 
E. This is thought to be attributed to the initial higher failure temperature of the base 
binder B (Table 4.1). 
The statistical results of the change in the failure temperature are shown in    
Table 4.6. When compared to the control rubberized binders, the addition of warm 
asphalt additive generally caused statistically significant difference in terms of rutting 
properties. In addition, the differences of failure temperature values between rubberized 
binders with Aspha-min® and Sasobit® were not significant at the 5% level within each 
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binder source. The only exception was the modified binders made with binder source A. 
In general, the binder source was found to have a significant effect on the failure 
temperature of the rubberized warm asphalt binders regardless of the warm asphalt 
additive. 
Table 4.6: Statistical Analysis Results of the High Failure Temperature of Rubberized Warm 
Asphalt Binders (No Aging) as a Function of Additive and Binder Source (α=0.05). 
Binder  
Source 
A B C D E 
1* 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
A 
1* - S S S S S S N N S S S S S S 
2  - S S S S S S N N S S N S S 
3   - S S S S S S N S N S N N 
B 
1    - N S S S S S S S S S S 
2     - N S S S S S S S S S 
3      - S S S S S S S S S 
C 
1       - S S S S S S S S 
2        - N S S S S S S 
3         - S S S N S S 
D 
1          - S N S N N 
2           - N S N N 
3            - S N N 
E 
1             - S S 
2              - N 
3               - 
* Rubberized warm asphalt binder   1: Control    2: Aspha-min®                   
3: Sasobit®        N: non-significant,              S: significant 
 
 
 
 43
Short-Term Aging (RTFO aging) 
After the RTFO aging procedure at 163 °C for 85 minutes, the high failure 
temperature properties of the rubberized warm asphalt binders (RTFO residual) were 
measured and the results are depicted in Figure 4.6. Similar to the findings for the 
properties of the original state binder, the two warm asphalt additives were found to have 
an effect in increasing the high failure temperature of rubberized binders, except for 
binder source D. Also, the rutting properties between Aspha-min® and Sasobit® 
modified CRM binders with in each source were insignificant (Table 4.7).  
Figure 4.7 shows the relationship of high failure temperature between unaged and 
RTFO aged rubberized warm asphalt binders. In general, a linear relationship was 
observed, and the finding is consistent with the previous studies (Lee et al. 2007, Huang 
et al. 1996). However, the results produced a relatively low coefficient of determination 
(R2) value of 0.446.  This is probably due to the variability of rubberized binders and the 
complicated effect of warm asphalt additive during the RTFO aging process. Also, 
previous studies reported similar findings regarding unusual aging characteristics of 
rubberized binders after RTFO aging (Huang et al. 1996, McGennis 1995, Lee et al. 
2007). 
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Figure 4.6: High Failure Temperature of Rubberized Warm Asphalt Binders (RTFO Aging). 
 
 
Figure 4.7: Relationship of High Failure Temperature between Unaged and RTFO-Aged Rubberized 
Warm Asphalt Binders. 
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Table 4.7: Statistical Analysis of the High Failure Temperature of Rubberized Warm Asphalt 
Binders (RTFO Residual) as a Function of Additive and Binder Source (α=0.05). 
Binder  
Source 
A B C D E 
1* 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
A 
1* - S S S S S S S S S S S N S S 
2  - N S N N S S S N S S S S S 
3   -  N N S S S N S S S S S 
B 
1    - S S S S S S S S S N S 
2     - N S S S N N N S S S 
3      - S S S N N S S S S 
C 
1       - N N S S S S S S 
2        - N S S S S S S 
3         - S S S S S S 
D 
1          - N N S S S 
2           - N S S S 
3            - S S S 
E 
1             - S S 
2              - N 
3               - 
* Rubberized warm asphalt binder   1: Control    2: Aspha-min®                   
3: Sasobit®        N: non-significant,              S: significant 
Summary and Conclusions  
To evaluate the high temperature properties of rubberized binders with warm 
asphalt additives, rubberized binders were manufactured using one CRM source 
(ambient, -40 mesh), one CRM percentage (10% by binder weight), and five binder 
sources. The rubberized warm asphalt binders were produced with two additives, and 
artificially short-term aged in the laboratory. The high temperature viscosity and rutting 
properties for the binders were measured using the rotational viscometer and the dynamic 
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shear rheometer (DSR). From these test results, the following conclusions were drawn for 
the materials used in this study. 
• The addition of warm asphalt additives significantly increased or 
decreased the viscosity of the rubberized binders at 135 °C produced in the 
laboratory for this research depending on the additive. The viscosity of 
rubberized binder with Aspha-min® increased due to the filling effect of the 
additive, and Sasobit® was found to decrease the high temperature viscosity 
of the binders. 
• 90 minutes after mixing the additive, the viscosity of all rubberized 
binders, used in this research study, was increased regardless of the additive 
type. This may be due to hardening of the binder.  
• The rubberized binders with the inorganic additive Aspha-min® or the 
aliphatic hydrocarbon Sasobit® were observed to have higher failure 
temperatures than the control rubberized binders, indicating better resistance 
to permanent deformation at high temperature. 
• Similar to the original state, the two warm asphalt additives, Aspha-min® 
and Sasobit®, were found to have an effect in increasing the high failure 
temperature of rubberized binders (RTFO residual) after short-term aging, and 
the difference, depending on the additive, was statistically insignificant.    
• In general, the binder sources were observed to have a significant effect on 
the high temperature properties of the rubberized warm asphalt binders.  
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Recommendations 
• It is recommended to conduct a study to evaluate the intermediate and low 
temperature properties of rubberized warm asphalt binders after long-term 
aging.  
• It is recommended to conduct a similar type of study with different 
sources and different percentages of CRM to generalize the findings in this 
research. 
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CHAPTER V 
5. LABORATORY INVESTIGATION OF THE INFLUENCE OF WARM 
ASPHALT ADDITIVES ON LONG-TERM PERFORMANCE PROPERTIES OF 
CRM BINDERS 
Introduction 
The main objective of this part of the research was to investigate the long-term 
performance properties of rubberized warm asphalt binders through Superpave binder 
tests. The rubberized binders were produced in the laboratory incorporating one CRM 
source (ambient, -40 mesh) and one CRM percentage (10% by weight of asphalt binder) 
into five base binders. The rubberized warm asphalt binders were manufactured with two 
different warm asphalt additives, Aspha-min® and Sasobit®, and artificially aged using 
rolling thin film oven (RTFO) and pressure aging vessel (PAV) procedures. The viscosity 
properties for the binders in the original state and after RTFO aging, the fatigue cracking 
properties after RTFO+PAV aging methods, and the cracking properties after 
RTFO+PAV procedures were evaluated.  Figure 5.1 shows a flow chart of the 
experimental design used in this study. 
Superpave Binder Tests 
The Superpave binder tests are used to quantify the asphalt binder’s performance 
at three states of its life: in its original state, after mixing and construction, and after in-
service aging (Asphalt Institute 2003). In this study, the properties of rubberized warm 
asphalt binders were evaluated using selected Superpave binder test procedures including 
the viscosity test  (AASHTO T 316), the bending beam rheometer (BBR) test (AASHTO 
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T 313), and the dynamic shear rheometer (DSR) test (AASHTO T 315). Three duplicate 
samples were tested and the results were reported as the average of these tests. 
 
Figure 5.1: Flow Chart of Experimental Design Procedures. 
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A 10.5 g binder sample of the binders was tested with a number 27 spindle in the 
rotational viscometer at 135 °C. In the DSR test, the binders (RTFO+PAV residual) were 
tested using an 8 mm parallel plate at 25 °C. The BBR test was conducted using each 
asphalt beam (125 × 6.35 × 12.7 mm) at -12 °C, and creep stiffness (S) and creep rate (m) 
of the binders were measured at a loading time of 60 s. 
Results and Discussions 
Aging Index 
The extent of age hardening can be quantified in terms of viscosity (aging index = 
viscosity of aged asphalt / viscosity of original asphalt), and aging index has been used to 
evaluate the relative aging of asphalt binders of different grades and sources (Hot Mix 
Asphalt. 1996). Table 5.1 shows the viscosity values of rubberized warm asphalt binders 
in the original state and after the RTFO aging process. The aging index for each binder is 
shown in Figure 5.2. In general, it was observed that the addition of Aspha-min® into 
rubberized binder resulted in the highest aging index, with the only exception of binder 
source B. For the binder sources of A, B, and C, the control rubberized binder showed the 
lowest aging level.  
Based on the above results, the addition of the warm asphalt additives is 
considered to have a negative influence on the anti-aging properties of rubberized 
binders. However, warm asphalt is usually mixed at lower temperatures than 
conventional hot mix asphalt, indicating that less oxidative hardening takes place and the 
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reduced hardening can increase its susceptibility to rutting. Therefore, the higher aging 
index of rubberized binders containing the additives may suggest the improved properties 
with respect to rutting resistance. Also, the modified binders produced with binder 
sources B and D were noticed to have the higher aging indices regardless of the additives. 
However, it is important to note that these binders had higher initial viscosity (Table 4.1). 
Table 5.1: Viscosity Properties of Rubberized Warm Asphalt Binders in Original State and after 
RTFO Aging. 
Binder source Warm asphalt additives 
Viscosity @ 135 °C (Pa-s) 
Original state RTFO aging 
A 
Control 1.56 2.71 
Aspha-min® 1.46 2.80 
Sasobit® 1.36 2.51 
B 
Control 2.18 4.59 
Aspha-min® 2.45 5.41 
Sasobit® 2.11 4.73 
C 
Control 1.16 1.93 
Aspha-min® 1.14 2.18 
Sasobit® 1.04 1.95 
D 
Control 2.07 4.73 
Aspha-min® 2.10 5.20 
Sasobit® 1.83 4.16 
E 
Control 1.53 2.87 
Aspha-min® 1.90 3.89 
Sasobit® 1.51 2.73 
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Figure 5.2: Aging Index of Rubberized Warm Asphalt Binders. 
 
Fatigue Cracking Property (Intermediate Temperature) 
In the Superpave binder specification, the product of the complex shear modulus, 
G*, and the sine of the phase angle, δ, is used to help control the fatigue cracking of 
asphalt pavements. The lower G*sin δ values are generally considered desirable attributes 
from the standpoint of resistance to fatigue cracking (Asphalt Institure 2003). The G*sin 
δ values of the rubberized warm asphalt binders (RTFO+PAV residual) were measured 
using the DSR at 25 °C and the results are depicted in Figure 5.3. The G*sin δ values of 
all modified binders were observed to be lowest to highest with control, Aspha-min®, 
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and Sasobit®, respectively. From the results, it is predicted that the rubberized binders 
containing the inorganic additive Aspha-min® or the aliphatic hydrocarbon Sasobit® 
have negative influence on fatigue cracking resistance compared to the rubberized binder 
without the additives. In terms of the effect of binder source, the rubberized warm asphalt 
binders produced with binder source C were considered to be the most resistant to fatigue 
cracking. This is thought to be mainly attributed to the lower G*sin δ value of the base 
binder C (Table 4.1). 
 
Figure 5.3: G*sin δ of Rubberized Warm Asphalt Binders (RTFO+PAV Residual) at 25 0C. 
Table 5.2 shows the statistical results of the change in the G*sin δ value as a 
function of the warm asphalt additive and the binder source. When compared within each 
binder source, the Sasobit® modified rubberized binders were significantly different from 
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control rubberized binders at the 5% significance level, for all the binder sources used in 
this study except binder source C. Aspha-min® modified rubberized binders were 
significantly different from control rubberized binders, for binder sources A and E only. 
From this result it can be concluded that Sasobit® is offering less resistance to fatigue 
cracking at intermediate temperature compared to control and Aspha-min®  rubberized 
binders, irrespective of the binder source.  
Table 5.2: Statistical Analysis Results of the G*Sin δ at 25 °C of Rubberized Warm Asphalt Binders 
as a Function of Additive and Binder Source (α=0.05). 
Binder 
Source 
A B C D E 
1* 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
A 
1* - S S N N N S S S S N N S N S 
2  - N S S S S S S S S S S S N 
3   - S S S S S S S S S S S S 
B 
1    - N S S S S N N S N S S 
2     - S S S S N N S N S S 
3      - S S S S S N S N N 
C 
1       - N N S S S S S S 
2        - N S S S S S S 
3         - S S S N S S 
D 
1          - N S N S S 
2           - N N S S 
3            - S N S 
E 
1             - S S 
2              - S 
3               - 
* Rubberized warm asphalt binder   1: Control    2: Aspha-min®                   
3: Sasobit®       N: non-significant,              S: significant 
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Cracking Property (Low Temperature) 
Superpave asphalt binder specifications include a maximum value of 300 MPa for 
creep stiffness and a minimum m-value of 0.3, and the decrease in stiffness leads to 
smaller tensile stresses in the asphalt binder and less chance for low temperature cracking 
(Asphalt Institure 2003). From the BBR tests at -12 °C, the stiffness and the m-value (i.e., 
the rate at which binder stiffness changes with time at low temperatures) of the 
rubberized warm asphalt binders (RTFO+PAV residual) were calculated, and the results 
are illustrated in Figures 5.4 and 5.5. In general, the rubberized binders containing 
Sasobit® showed the highest stiffness and lowest m-value properties, irrespective of the 
binder source, indicating that the addition of Sasobit® may result in the binder to be more 
susceptible to low temperature cracking. Edwards et al. (2006) reported that binders with 
Sasobit® showed the higher stiffness and lower m-values compared to conventional 
binders, and they mentioned the reason was wax crystallization, which usually increases 
resistance to plastic deformation of asphalt binders.  
The rubberized binders containing Aspha-min® were found to have higher 
stiffness values than those of the control binders (for the binder sources of A, B, and C). 
This is thought to be associated with the addition of fine powder to the binder, which acts 
as a filler. However, the binders with Aspha-min® were generally observed to have the 
highest m-value properties, meaning positive effects on cracking at low temperature. 
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Figure 5.4: Stiffness of Rubberized Warm Asphalt Binders (RTFO+PAV Residual) at -12 0C. 
 
 
Figure 5.5: m-Value of Rubberized Warm Asphalt Binders (RTFO+PAV Residual) at -12 0C. 
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Using one-way analysis of variance, the statistical significance of the change in 
the stiffness and m-value was examined (Tables 5.3 and 5.4). Similar to the DSR test 
results at 25 °C, the stiffness values of rubberized warm asphalt binders from the BBR 
tests were significantly different depending on the binder source. For the binder sources 
B, D, and E, there was no significant difference in stiffness values between the Aspha-
min® modified and control CRM binders, when compared within each binder source. In 
addition, it was evident that the m-value change between the control binders and the 
binders containing Aspha-min® was statistically insignificant within each binder source. 
On the other hand, Aspha-min® is significantly different from Sasobit® in terms of m- 
value for all the binder sources used in this study when compared with in each binder 
source, indicating that Aspha-min® is not affecting the low temperature properties of 
rubberized binders. 
Figure 5.6 illustrates the relationship between G*sin δ values (from the DSR test 
at 25 °C) and stiffness values (from the BBR test at -12 °C) of the rubberized warm 
asphalt binders (RTFO+PAV residual). In general, two long-term performance properties 
of asphalt binders (i.e., G*sin δ and stiffness) showed a linear relationship with 
coefficient of determination (R2) value of 0.610. However, it should be mentioned that 
this R2 value is much lower than that (R2 = 0.928) from the previous study, which studied 
the properties of recycled CRM binders at same temperatures used for this study (Lee et 
al. 2007). This is considered to be due to the different effects of the warm asphalt 
additives between at intermediate temperature and at low temperature. 
 58
Table 5.3: Statistical Analysis of the Stiffness at -12 °C of Rubberized Warm Asphalt Binders as a 
Function of Additive and Binder Source (α=0.05). 
Binder 
Source 
A B C D E 
1* 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
A 
1* - S S N N N S S S S S S N N N 
2  - N S S S S S S S S S S S S 
3   - S S S S S S S S S S S S 
B 
1    - N N S S S S S S N S N 
2     - N S S S S S S S S N 
3      - S S S S S S S S N 
C 
1       - S S S S S S S S 
2        - S N S S S S S 
3         - S S S S S S 
D 
1          - N S S S S 
2           - S S S S 
3            - S S S 
E 
1             - N N 
2              - N 
3               - 
* Rubberized warm asphalt binder   1: Control    2: Aspha-min®                    
3: Sasobit®       N: non-significant,              S: significant 
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Table 5.4: Statistical Analysis Results of the m-Value at -12 °C of Rubberized Warm Asphalt Binders 
as a Function of Additive and Binder Source (α=0.05). 
Binder 
Source 
A B C D E 
1* 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
A 
1* - N S S S N N N S N N S N N S 
2  - S S S S S N S S N S N N S 
3   - S S S S S N S S N S S S 
B 
1    - N S S S S S S S S S S 
2     - S S S S S S S S N S 
3      - N N S N S S S S N 
C 
1       - N S N S S S S N 
2        - S N N S S S N 
3         - S S N S S S 
D 
1          - N S S S N 
2           - S N N S 
3            - S S S 
E 
1             - N S 
2              - S 
3               - 
* Rubberized warm asphalt binder   1: Control    2: Aspha-min®                   
3: Sasobit®       N: non-significant,              S: significant 
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Figure 5.6: Correlation of Stiffness at Low Temperature of -12 0C with G* Sin δ at Intermediate 
Temperature of 25 0C. 
 
Summary and Conclusions  
To investigate the performance properties of rubberized warm asphalt binders, 
rubberized binders were made using five different binder sources in the laboratory. The 
rubberized warm asphalt binders were produced with two warm asphalt additives, and 
artificially short-term and long-term aged in the laboratory. A series of Superpave binder 
tests were carried out using the rotational viscometer, the DSR, and the BBR to evaluate 
the properties of the binders. From these test results, the following conclusions were 
drawn for the materials used in this study. 
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• In general, the addition of the additives, Aspha-min® and Sasobit®, 
caused an increase in the aging index of rubberized binders. The higher aging 
index of asphalt binders, in general, is helpful in increasing the rutting 
resistance of asphalt mixtures. 
• Regardless of the binder source, the rubberized binders containing the 
inorganic Aspha-min® or the aliphatic hydrocarbon Sasobit® were observed 
to have higher G*sin δ values than those of the control rubberized binders. 
This indicates that the addition of the additives will result in the rubberized 
binders to be more susceptible to fatigue cracking at intermediate 
temperatures. 
• The rubberized binders with Sasobit® were found to have significantly 
higher stiffness and lower m-value properties which relate to negative effects 
on low temperature cracking.  
• Generally, there were statistically insignificant differences in the low 
temperature properties (i.e., stiffness and m-value) between the control 
binders and the binders containing Aspha-min®. 
• As expected, the asphalt binder sources were found to have a significant 
effect on the intermediate and low temperature properties of the rubberized 
warm asphalt binders. 
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Recommendations 
• It is recommended to conduct a study to investigate the volumetric and 
engineering properties of rubberized mixtures containing the warm asphalt 
additives. Also, further study with many other binder and CRM sources is 
needed to generalize these findings. 
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CHAPTER VI 
6. EFFECTS OF WARM ASPHALT ADDITIVES ON RHEOLOGICAL 
PROPERTIES OF CRM ASPHALT BINDERS 
Introduction 
With the incorporation of the warm mix asphalt (WMA) technologies, it is 
possible to observe a reduction in the mixing and compacting temperatures of rubberized 
asphalt mixtures. WMA attracted considerable attention from the highway engineering 
community over the HMA and cold mix asphalt mixtures (Kuennen T; NCAT 2005). The 
rheological properties of the binders need to be investigated further prior to utilizing the 
rubberized mixtures containing warm asphalt additives, since they have not been studied 
in detail yet. In an early study, the rheological properties of CRM binders were evaluated 
at 60 0C, within the linear viscoelastic region of the binders, so that the stress and strain 
relationship was influenced by the frequency of loading only and not by the magnitude of 
the stresses and strains (Ferry, 1980). In this study same testing procedure was followed 
for the CRM binders containing warm mix asphalt additives. 
Testing Procedures 
After the preparation of crumb rubber modified warm asphalt binders, the 
rheological properties such as viscous flow measurements, creep, creep recovery and 
multiple creep recovery tests, at 60 0C, within the linear viscoelastic region, were 
conducted using a Bohlin Dynamic Shear Rheometer II with a 25 mm diameter plate-
plate geometry, and 1mm gap was selected because most of the rheological properties are 
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measured at intermediate temperature (25 0C). Additionally, complex modulus master 
curves were prepared for all five binders which include a frequency sweep and 
temperature sweep between temperatures of 25 0C and 80 0C and frequencies of 0.01Hz 
to 100 Hz. The testing plan is shown in Figure 6.1. Usually, the frequency sweep tests are 
conducted at intermediate and high temperatures (NCHRP-459, 2001), the temperatures 
beyond these limits could not be used because of the limitations of the DSR used and 
frequency was selected based on the previous study (Gandhi, 2008). 
 
Figure 6.1: Experimental Plan for this Part of the Research. 
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Results and Discussions 
Flow Behavior 
Figure 6.2 illustrates the flow properties of the CRM and CRM warm asphalt 
binder B. Other binders followed similar trends. It was observed that the binders 
exhibited increasing shear stress as the shear rate is increased. Also, it can be seen that 
binders exhibit a non-Newtonian flow, shear thinning flow, as the viscosity decreases 
with increase in the shear rate, which may be due to an increase in complex modulus of 
the binder. It can be seen that the addition of the warm asphalt additives increased the 
viscosity of the binders at 60 0C. Additionally, binders containing Sasobit® produced a 
higher viscosity, irrespective of the binder source, compared to binders containing 
Aspha-min®. This means that the warm asphalt additives make the binders tested in this 
study stiffer at the maximum pavement service temperature, which is beneficial in 
resisting the permanent deformation, and makes the binder less viscous at the compacting 
temperature which can improve the workability of the binder. It is believed that while the 
increase in the viscosity due to the addition of Aspha-min® could be because of the 
filling effect of the additive, Sasobit® is a wax, which recrystallizes in the binder on 
cooling, thereby increasing the viscosity of the binder at the lower temperatures 
(Edwards, et. al., 2006). 
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B=Binder Source B, 10=10% CRM, A= Aspha-min®, S=Sasobit® 
Figure 6.2: Flow and Viscosity Curves for Binder Source B. 
 
Creep Recovery 
In a creep recovery test, the recovery from a creep loading is determined. This 
gives an idea of the permanent deformation that the binder will undergo. In a creep 
recovery test, a user determined shear stress is applied to the sample and the resultant 
strain is monitored as a function of time. After a predetermined period of time, the stress 
is removed, and the strain is further monitored (Szabolcs Biro, 2007). This test was 
repeated at three different loadings 3Pa (loading for 100 sec. and 600 sec. recovery), 
10Pa (loading for 20 sec. and 600 sec. recovery), and 50Pa (loading for 1 sec and 300 
sec. recovery). These stresses represent the low, medium and high intensity of traffic on 
the pavement. Figure 6.3 shows the creep recovery curves for binder source B, with and 
without the warm asphalt additives. Other binders followed similar trends. From the 
curves, it can be seen that in most cases, the CRM binders modified with the warm 
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asphalt additives have undergone less deformation compared to the unmodified CRM 
binders and the binders containing Sasobit® had the lowest maximum permanent 
deformation among all. Also, even after removing the load, CRM binders modified with 
Sasobit® have shown less permanent deformation consistently, irrespective of the 
amount of load and duration of load applied. From these results, it can be said that the 
warm asphalt additives are better in resisting the permanent deformation at service 
temperatures compared to unmodified CRM binders. 
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Figure 6.3: Creep Recovery Curves for Binder Source B: (a) 3 Pa, (b) 10 Pa, (c) 50 Pa. 
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Another observation that was made was that all of the binders underwent higher 
deformations when a smaller load was applied. The reason for this is that the lower loads 
were applied for a longer duration of time, and thus, the binders underwent higher 
deformations. 
Repeated Creep Recovery 
The repeated creep recovery test simulates field conditions better as it applies a 
stress for a short duration of time and then allows the material to recover for a longer 
duration of time, and repeats this several times. This, in a way, simulates vehicles passing 
on a pavement (Binard C, 2004,  Szabolcs Biro, 2007). The test consisted of 52 cycles of 
loading with a stress of 10Pa for 1 second and a recovery of 9 sec. These testing 
parameters are based on suggestion from NCHRP 9-10 study (NCHRP 9-10 Program, 
2001). The repeated creep recovery curves for the five binders with and without the warm 
asphalt additives are shown in Figure 6.4. The repeated creep recovery curves suggest 
that the addition of warm asphalt additives to the CRM binders results in significantly 
lower compliance values with increasing time. These observations indicate that the 
addition of warm asphalt additives make the CRM binders more resistant to permanent 
deformation at service temperatures, especially, Sasobit® which significantly reduced the 
permanent deformation in all binders. 
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Figure 6.4: Repeated Creep Recovery Curves for Binders with and without Warm Asphalt Additives 
for Binder Sources: (a) A; (b) B; (c) C; (d) D and (e) E. 
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Temperature Dependency 
A temperature sweep test was conducted between 25°C and 80°C to determine the 
dependence of the complex modulus, G*, and the phase angle, δ, of the five CRM binders 
with and without the warm asphalt additives on temperature. The dependence of complex 
modulus and phase angle on temperature is shown in Figure 6.5 for binders A
 
and B. All 
other binders showed similar trends. No significant differences were observed in the G* 
values for the CRM binders with and without the warm asphalt additives. However, the 
phase angle (δ) values seemed to be lowered by the addition of the warm asphalt 
additives, especially at lower temperatures. 
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Figure 6.5: Temperature Dependence of the CRM binders with and without the Warm Asphalt 
Additives for Binders: (a) A and (b) B. 
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Frequency Sweep
 
For the frequency sweep tests, four decades of frequencies (0.01 - 0.1; 0.1 - 1; 1 - 
10; and 10 - 100) were run at the lowest possible strain, these frequencies were selected 
to simulate low to high speeds of traffic on the pavement. Figure 6.6 shows the G* and δ 
values for binders A and B as a function of frequency of loading. Typically, a frequency 
of 1.59 Hz simulates the shearing action corresponding to traffic speed of about 55 mph 
(Roberts, et al., 1996). The results indicated that, with the exception of binder B, the 
addition of the warm asphalt additives had no significant effect on the G* values of the 
binders. However, the addition of Sasobit® seemed to lower the phase angle, δ, of the 
binders significantly, especially at lower frequencies of loading. From this, it can be 
concluded that the addition of warm asphalt additives increases the elasticity of the 
binders tested in this research work, especially at lower frequencies, which is good in 
resisting permanent deformation. 
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Figure 6.6: Frequency Dependence of the CRM binders with and without the Warm Asphalt 
Additives for Binder Sources: (a) A and (b) B.
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Master Curves 
A master curve is a log-log plot of the complex modulus or phase angle versus 
reduced frequency, normalized to a reference temperature. The principle of “Time – 
Temperature Superposition” is used to shift the complex modulus or phase angle values 
along the horizontal axis to obtain a smooth curve of the complex modulus or the phase 
angle over a wide range of reduced frequencies. The advantage of the master curves is 
that the complex modulus or phase angle values of the binders can be estimated at a wide 
range of frequencies or temperatures that are outside of the testing range of the DSR 
used. Figure 6.7 illustrates the change in G* and δ values with increasing angular 
frequencies for the five binders. No significant differences in the complex modulus are 
seen between CRM binders and warm asphalt modified CRM binders. However, as seen 
in the frequency range of 0.01 – 100 Hz from the frequency sweep tests, the addition of 
Sasobit® decreases the phase angle of the binders over a wider range of frequencies. This 
shows that the addition of Sasobit® makes the binders more elastic, especially at lower 
frequencies. 
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Figure 6.7: Complex Modulus Master Curves for Binder Sources (T = 60 °C):                                    
(a) A (b) B (c) C (d) D and (e) E. 
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Black Curves 
Black curves show the relationship between the phase angle δ and the complex 
modulus G* of a binder at a constant frequency and temperature. Since the temperature 
and frequency of testing are eliminated, any change in the graph of a binder represents 
changes in the form and structure of the binder. Figure 6.8 shows the relationship 
between the complex modulus and the phase angle for binders A and B. The testing for 
other binders showed similar trends. From the graphs, it can be seen that for a given value 
of G*, the binders containing Sasobit® seem to have a lower δ value, especially for data 
points corresponding to low frequencies (or high temperatures). This shows that the 
binders containing Sasobit® exhibit higher elasticity compared to unmodified CRM 
binders and CRM binders containing Aspha-min® at higher temperatures. 
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Figure 6.8: Black Curves for Binder Sources (T=60 °C): (a) A and (b) B. 
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Cole-Cole Curves 
A Cole-Cole curve represents the relationship between the elastic modulus (G’) of 
a binder and the viscous modulus (G”) of the binder. A Cole-Cole curve is plotted using 
the data obtained in a master curve; i.e., the G’ versus G” values at each frequency/ 
temperature of the master curve is plotted. One of the reasons for plotting the Cole-Cole 
curve is to validate the test data of a master curve. Acceptable data would form a single 
unique curve that is independent of testing frequency and temperature of testing.     
Figure 6.9 shows the Cole-Cole curves for binders A and B. Similar trends were observed 
with the other binders. From the graphs, it can be seen that the relationship between the 
G’ and G” is quite linear and forms a single curve. Thus, the data from the master curve 
seems to be valid. Another observation that can be made is that, in general, for data 
points corresponding to lower frequencies (or high temperatures), binders containing 
Sasobit® seem to have a higher G’ value compared to the binders without any warm 
asphalt additive, or binders containing Aspha-min®. This observation, again suggests 
that the addition of Sasobit® increases the elasticity of the binders at lower frequencies 
(or higher temperatures).  
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Figure 6.9: Cole-Cole Curves (T=60 °C) for Binder Sources: (a) A and (b) B. 
Gel Permeation Chromatography 
Gel permeation chromatography (GPC) was used as a tool to determine the 
molecular size distribution of the asphalt binders used in this study. The results were used 
to identify any changes in the molecular size distributions of the rubberized warm asphalt 
binders. Waters GPC equipment with computerized software was used for the 
chromatographic analysis of the binders. Tetrahydrofurane (THF) was used as the mobile 
phase flowing at a rate of 1 ml/min and a dilution of 400:1 (solvent:binder). Each test 
specimen was prepared by weighing 0.006 to 0.008 grams of binder into a 4 ml empty 
vial. The appropriate amount of THF was added to the vial, and the vial was sealed and 
agitated so that the binder was completely dissolved in the solvent. The binder/solvent 
mixture was then transferred to a 5 ml syringe, and filtered through a 0.45µm filter into a 
clean vial. 75µl of the filtered binder solvent mixture was injected into the GPC. One vial 
was prepared for each binder, and three chromatograms were obtained from each vial. 
(a) (b) 
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The % large molecular sizes (LMS) of the rubberized binders with and without 
the warm asphalt additives were measured by dividing the chromatogram into 13 slices of 
equal width. The LMS was determined as the elution time at the end of 5 slices. Since 
many studies indicated that the LMS of the binder has a good correlation with the asphalt 
mixture properties than other sizes (Al-Adulwahhab, et al., 1999; Jennings, 1980; Kim 
and Burati, 1993; Kim, et al., 1993; Price 1988). 
Binder sources A, D and E were significantly similar and were significantly 
different from sources B and C; therefore, it was decided to use three binder sources A, B 
and C for this study. The GPC analyses were performed on three binder sources, A, B 
and C to see the effect of warm asphalt additives on the molecular size distribution of the 
binder. Figure 6.10 shows the LMS distribution of the control CRM and warm asphalt 
modified CRM binders. One way SAS analysis was conducted (Table 6.1) to see the 
significant differences between and within the binder sources. It was observed that the 
effect of warm asphalt additives on the % LMS was not significant within each binder 
source of unaged binders. At a 95% confidence level, the LMS of binder source A was 
significantly different from binder source B and C, due to the crude source (Table 4.1), 
and binder source B was not significantly different from binder source C. 
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Figure 6.10: The Distribution of LMS as a Function of WMA Additive. 
 
Table 6.1: Statistical Analysis Results of the LMS Values of Warm CRM Binders (No Aging) as a 
Function of Warm Mix Asphalt Additive and Binder Source (α=0.05). 
Binder 
Source 
A B C 
1 2 3 4 5 6 7 8 9 
A 
1 - S N S S S S S S 
2 N N S S N N N 
3 S S S S S N 
B 
4 - N N N N N 
5 - N N N S 
6 - N N N 
C 
7 - N N 
8 - N 
9 - 
Warm mix additives  1: Control       2: Aspha-min®        3:  Sasobit®. 
       N: non-significant,              S: significant 
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Figure 6.11 shows the LMS distribution of the long term aged control, WMA 
modified CRM binders (RTFO+PAV). The trend was the same as before aging, except 
that % LMS was higher compared to unaged binders, as expected. Table 6.2 shows the 
results of SAS analyses, where it was observed that LMS did not have any significant 
difference at 95% confidence level within each binder source. Binder source B was 
significantly different from binder sources A and C mainly due to the crude source (Table 
4.1). These results indicate that, in general, the warm asphalt additives are not dissolving 
into the asphalt binder at 35 0C and the results are consistent with the findings of another 
study (Gandhi 2008). 
 
Figure 6.11: Statistical Analysis Results of the LMS Values of Warm CRM Binders (RTFO+PAV 
aging) as a Function of Warm Mix Asphalt Additive and Binder Source (α=0.05). 
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Table 6.2: Statistical analysis results of the LMS values of warm CRM binders (RTFO+PAV aging) 
as a function of warm mix asphalt additive and binder source (α=0.05). 
Binder 
Source 
A B C 
1 2 3 4 5 6 7 8 9 
A 
1 - N N S S S S S S 
2 - N N N N N S N 
3 - N N N N N N 
B 
4 - N N N N N 
5 - N N N N 
6 - N N N 
C 
7 - N N 
8 - N 
9 - 
Warm mix additives  1: Control       2: Aspha-min®        3:  Sasobit®. 
       N: non-significant,              S: significant 
 
Summary and Conclusions 
From this limited study on the rheological properties of CRM binders containing 
warm asphalt additives, the following can be concluded. 
• All of the CRM binders, with and without the warm asphalt additives 
exhibited non-Newtonian shear thinning flow at 60 °C. 
• Binders containing Sasobit® had higher viscosities at 60 °C, irrespective 
of the binder source, compared to binders containing Aspha-min® or no 
warm asphalt additive. While the increase in the viscosity due to the 
addition of Aspha-min® was due to the mineral filling effect of the 
additive, Sasobit® is a wax, which re-crystallizes in the binder at lower 
temperatures, increasing the viscosity of the binders. 
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• Binders containing Sasobit® exhibited lower compliance values in a creep 
recovery test, especially, when the stresses were low. The amount of 
recovery from the creep loading was also more for the binders containing 
Sasobit®. This shows that the binders containing Sasobit® had lower 
permanent deformation values. 
• Addition of Aspha-min® also lowered the compliance values and 
permanent deformation of the binders. However, in some of the cases, 
compliance values and permanent deformation were similar to binders 
without any warm asphalt additives.  
• After the repeated creep recovery tests, binders containing Sasobit® 
showed significantly lower permanent deformation compared to the 
binders without any warm asphalt additives. Binders containing Aspha-
min® also showed lower compliance values, but the reduction in the 
permanent deformation was different with various binder sources. Thus, it 
was concluded that since Aspha-min® acts only as mineral filler after the 
initial foaming, the stiffening effect of the additive must be dependent on 
the binder properties. 
• From the temperature sweep tests, it was observed that the warm asphalt 
additives did not have any significant effect on the complex modulus, G*, 
of the binders between 25°C and 80°C. However, binders containing 
Sasobit® seemed to show a lower phase angle compared to the binders 
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without any warm asphalt additives, especially at lower temperatures, 
which suggests improved elasticity of the binders at lower temperatures. 
• From the frequency range of 0.01 – 100 Hz, and the reduced frequency 
range of 10-5 – 105, it was observed that the addition of the warm asphalt 
additives had no significant effect on the G* values of the binders. 
However, the addition of Sasobit® seemed to lower the phase angle of the 
binders, especially at lower temperatures. 
• From the Black and Cole-Cole curves, it was observed that the addition of 
Sasobit® made the binders more elastic, especially at higher temperatures. 
This increase in elasticity will help the binders to resist rutting and 
permanent deformation. 
• The warm asphalt additives were not significantly effective to change the 
LMS distribution with in each aged and unaged binder sources used in this 
study, indicating that the warm additives were not dissolved into the 
binder at 35 0C. 
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CHAPTER VII 
7. EFFECTS OF COMPACTION TEMPERATURE ON VOLUMETRIC 
PROPERTIES OF RUBBERIZED MIXES CONTAINING WARM ASPHALT 
ADDITIVES 
Introduction 
Rubberized asphalt mixes are generally compacted at a higher temperature than 
conventional mixes based on the field experience (Amirkhanian and Corley 2004). With 
lower compaction temperatures, the rubberized mixes might result in several problems 
such as inadequate volumetric properties (e.g., high %air void and low %VFA) and poor 
short-term and long-term performances. If the technologies of warm mix asphalt are 
incorporated into the mixes, optimum mixing and compaction temperatures of the 
rubberized mixes are expected to decrease and be comparable to those of conventional 
mixes. This study investigated the volumetric properties of CRM asphalt mixtures 
containing warm mix additives as a function of compaction temperature using the 
Superpave Gyratory Compactor (SGC). Four mixtures including control (PG 64-22) and 
10% rubber-modified binders and two aggregate sources were designed using Superpave 
specifications. The mixtures were compacted at four temperatures of 97°C, 116°C, 
135°C, and 154°C. The volumetric properties of these mixtures were evaluated. 
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Materials and Test Program 
Materials 
Two binders (control PG 64-22 and crumb rubber modified (CRM) binders) were 
used in this study. The control binder was a mixture of several sources that could not be 
identified by the supplier. One type of rubber, which was produced by mechanical 
shredding at ambient temperature, was used with a gradation as shown in Table 4.2. To 
ensure that the consistency of the rubber was maintained throughout the study, only one 
batch of crumb rubber was used in this study. CRM binders were made by adding a 
specified amount of rubber (-40 mesh) to the control binder, mixing with a stirrer (700 
rpm) at 177°C for 30 minutes (Shen et al. 2006; Lee et al. 2008). This mixing condition 
matches the field practices used in South Carolina to produce field CRM mixtures. The 
properties of all the binders are listed in Table 7.1.  
Two aggregate sources were used for preparing samples (Table 7.2). Hydrated 
lime, used as an anti-strip additive, was added at a rate of 1% by dry mass of aggregate. 
The experimental flow chart of this study and test combinations are shown in Figure 7.1. 
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Table 7.1: Binder Properties. 
Aging states Test properties Control  PG 64-22 
10% 
CRM* 
10% CRM with 
Aspha-min®* 
10% CRM with 
Sasobit®* 
Unaged  
binder 
 
Viscosity at 
135oC (Pa-s) 0.405 1.600 1.477 1.438 
G*/sin δ  
at 64 oC (kPa) 1.243 - - - 
G*/sin δ at  
76 oC (kPa)  - 0.934 1.196 1.402 
RTFO  
aged residue 
G*/sin δ at  
64 oC (kPa) 3.295 - - - 
G*/sin δ at  
76 oC (kPa) - 2.450 3.289 3.325 
RTFO + PAV 
aged residue 
 
G*sin δ at 25 oC 
(kPa) 2970 1705 2042 2160 
Stiffness at  
-12 oC (MPa) 183 129 148 151 
m-value at  
-12 oC 
0.311 0.320 0.330 0.290 
 
Table 7.2: Aggregate Properties. 
Properties Standard method Aggregate A* Aggregate B** 
Apparent specific gravity AASHTO T 85 2.800 2.810 
Bulk specific gravity AASHTO T 85 2.750 2.780 
Absorption (%) AASHTO T 85 0.700 0.400 
LA abrasion (%) AASHTO T 96 49 32 
Soundness (%) AASHTO T 104 0.400 1.900 
 
   *Aggregate A: Granite,  ** Aggregate B: Marble Schist   
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Figure 7.1: Flow Chart of Experimental Design Procedures. 
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Superpave Mix Designs 
A nominal maximum size 12.5mm Superpave mixture was used for the mix 
design in this study. The procedures described in AASHTO T 312 regarding the 
preparation of HMA specimens were followed. All mixtures within each aggregate 
source used an identical aggregate structure to distinguish the influence of the binders 
and the warm mix additives (Figure 7.2). Optimum asphalt contents were obtained and 
used to produce specimens at four different compaction temperatures. 
 
Figure 7.2: Gradation Chart of 12.5 mm Asphalt Mixtures. 
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Compaction as a function of temperature in SGC 
The mixing of the aggregates with the asphalt binders was conducted at 
temperatures recommended by the supplier of the asphalt binder and warm mix additives. 
The loose asphalt-aggregate mixtures were oven aged at the compaction temperatures for 
2 hours prior to the compaction. The four compaction temperatures used were 97°C, 
116°C, 135°C, and 154°C. This range was selected based on the temperatures (135°C and 
154°C) which are commonly used as short-term oven aging temperatures in the 
laboratory to simulate binder aging and absorption during the construction of HMA 
pavements (Asphalt Institute 2003). The compaction temperatures of 97°C and 116°C 
were selected to evaluate the effects of warm mix additives at relatively lower 
temperature. 
The specimens were manufactured to the target air void content of 4±1% using 75 
gyration of SGC. Each specimen was 150 mm in diameter and 110±5 mm in height. A 
total of 192 specimens (4 binder types * 4 compaction temperatures * 2 aggregate sources 
* 6 repetitions) were prepared and tested.  
Results and Discussions 
Superpave Mix Design 
Table 7.3 summarizes the optimum asphalt content (OAC), maximum specific 
gravity (MSG),  bulk specific gravity (BSG), and other related data of the mix designs 
with four different mixes. As expected, the mixes with CRM binder seemed to have 
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higher OAC than the conventional mixes. The previous study reported that the higher 
OAC for mixtures made with the CRM binder is considered to be attributed to the thicker 
film of the CRM binder coating the aggregates due to the presence of the rubber particles 
(Shen et al. 2006). In terms of the effect of aggregate source, the mixes made with 
aggregate A was found to have approximately 1.2% to 1.5% higher OAC than those with 
aggregate B, when compared within the same mix type. This may be because of high 
percentage of absorption of aggregate A (Table 7.2). 
Table 7.3: Results of Superpave Mix Designs. 
Property 
Aggregate source A Aggregate source B 
Control 
 (PG 64-22)  
10% CRM 
modified 
Control  
(PG 64-22)   
10% CRM 
modified 
OAC (%) 5.7 6.2 4.2 5.0 
MSG 2.472 2.477 2.627 2.583 
BSG 2.373 2.379 2.524 2.482 
%Air void 4 4 3.9 4 
%VMA 17 18 14 16 
%VFA 77 78 72 75 
   
  OAC: Optimum Asphalt Content,   MSG: Maximum Specific Gravity,   BSG: Bulk Specific 
Gravity 
 
Volumetric Properties as a Function of Compaction Temperature in SGC 
The air void contents of 192 specimens fabricated at four compaction 
temperatures were calculated. Figure 7.3 depicts the air void contents of the mixtures as a 
function of the compaction temperature. Similar to the previous research (Lee et al. 
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2007), the air void contents of CRM mixtures significantly decreased with an increase in 
the compaction temperature. Both warm mix additives were found to have an effect in 
decreasing the air void contents of CRM mixtures at each compaction temperature used 
in this study. However, specimens made with control binder of PG 64-22 had almost the 
same air void contents over a range of compaction temperatures (116°C to 154°C). This 
result is also consistent to the findings of previous studies (Azari et al. 2003; Bahia 2000; 
Stuart 2000).  
For aggregate source A, the range of compaction temperatures to satisfy the target 
air void content of 4±1% was found to be 122°C to 157°C and 113°C to 158°C for the 
CRM mixtures with Aspha-min® and with Sasobit®, respectively. The results indicated 
that the addition of Aspha-min® into the CRM mixture had an effect in decreasing the 
compaction temperature needed to get the air void content of 4±1% from 158°C to 
140°C. With respect to the CRM mixture containing Sasobit®, the compaction 
temperature for the air void content of 4±1% was decreased to 136°C. The CRM 
mixtures produced with aggregate source B showed that the compaction temperature 
could be decreased to 139°C (for Aspha-min®) and 133°C (for Sasobit®). In general, the 
warm mix additives resulted in approximately 20°C to 30°C reduction of compaction 
temperature required for the target air void content, indicating that the compaction 
temperatures of CRM mixtures containing the additives can be reduced to those of 
conventional control mixtures. 
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Figure 7.3: Change in %Air Voids as a Function of Compaction Temperature with Respect to 
Aggregate Sources: (a) A and (b) B. 
 
(a) 
(b) 
 92
Using one-way analysis of variance, the statistical significance of the change in 
the air voids with the increase in compaction temperature was examined and the results 
are shown in Table 7.4. A general trend is found from the results that air void contents of 
the CRM mixtures are affected significantly by the compaction temperature, irrespective 
of the warm mix additives. With respect to the control mixtures containing PG 64-22 
asphalt binder, there was no significant difference, at α=0.05 level, among the air void 
contents of three compaction temperatures (116°C, 135°C, and 154°C) for the mixtures 
made with aggregate source B. In addition, the difference of air void contents between 
the CRM mixtures containing Aspha-min® and Sasobit® was statistically insignificant at 
each compaction temperature, especially for the aggregate source B. When compared 
within each mixture, the lowest compaction temperature of 97°C was observed to have a 
significant difference at the 5% level in the air void content for all other compaction 
temperatures (116°C, 135°C, and 154°C). 
 
 
 
 
 
 
 93
Table 7.4: Statistical Analysis Results of %Air Voids of Specimens Fabricated at Different 
Compaction Temperatures for Aggregate Sources (a) A and (b) B (α = 0.05). 
 
Aggregate  
source A 
Control  
(PG 64-22) 10% CRM 
10% CRM with  
Aspha-min® 
10% CRM with  
Sasobit® 
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
Control  
(PG 64-22) 
1 - S S S S S S S S N S S S N S S 
2  - N N S S S S S S S S S S N N 
3   - S S S S N S S N S S S N S 
4    - S S S S S S S S S S S N 
10% CRM 
1     - S S S S S S S S S S S 
2      - S S N S S S S S S S 
3       - S N S S S S S S S 
4        - S S N S S N N S 
10% CRM with  
Aspha-min® 
1         - S S S S S S S 
2          - S S N S S S 
3           - S S N N S 
4            - S S S N 
10% CRM with  
Sasobit® 
1             - S S S 
2              - S S 
3               - S 
4                - 
 
 
 
 
 
 
 
(a) 
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Aggregate  
source B 
Control  
(PG 64-22) 10% CRM 
10% CRM with  
Aspha-min® 
10% CRM with  
Sasobit® 
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
Control  
(PG 64-22) 
1 - S S S S N N S N N S S N N S S 
2  - N N S S S N S S N N S S N N 
3   - N S S S N S S N S S S N S 
4    - S S S N S S N S S S N S 
10% CRM 
1     - S S S S S S S S S S S 
2      - S S N S S S N S S S 
3       - S S N S S S N S S 
4        - S S N S S N N S 
10% CRM with  
Aspha-min® 
1         - S S S N S S S 
2          - S S S N S S 
3           - S S S N S 
4            - S S N N 
10% CRM with  
Sasobit®  
1             - S S S 
2              - S S 
3               - N 
4                - 
 
      Compaction temperature 1: 97 °C    2: 116 °C      3: 135 °C     4: 154 °C. 
      N: non-significant,              S: significant 
 
 
 
 
 
 
(b) 
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Figures 7.4 and 7.5 illustrate the change of %VFA and %VMA of the specimens 
with an increase in the compaction temperature from 97°C to 154°C, respectively. 
Similar to the air void contents, as expected, the %VFA and %VMA of specimens 
produced with control PG 64-22 binders were found to be almost the same values over 
the compaction temperatures, except for the lowest temperature of 97°C. In terms of the 
CRM mixtures, the general trends of %VFA and %VMA were also similar to the change 
in the air void contents of the CRM mixtures. Still, the %VMA values of the CRM 
mixtures were relatively higher than those of the control mixtures with the same air void 
contents. This is thought to be associated to the higher OAC of the CRM mixtures, 
increasing the effective asphalt contents of the mixtures (Lee et al. 2007). 
In general, the warm mix additives used in this study were observed to have an 
effect in increasing the %VFA values and decreasing the %VMA values for all 
compaction temperatures, compared to the conventional CRM mixtures. On the other 
hand, Aspha-min® and Sasobit® were generally found to have insignificantly different 
influences on the CRM mixtures regarding the %VFA and the %VMA values, especially 
for the aggregate source B. 
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Figure 7.4: Change in %VFA as a Function of Compaction Temperature with Respect to Aggregate 
Sources: (a) A and (b) B. 
(a) 
(b) 
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Figure 7.5: Change in %VMA as a Function of Compaction Temperature with Respect to Aggregate 
Sources: (a) A and (b) B. 
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Summary and Conclusions 
To investigate the effects of compaction temperatures on the volumetric 
properties of warm rubberized asphalt mixtures, two warm mix additives of Aspha-min® 
and Sasobit® were incorporated into CRM mixtures designed with two aggregate 
sources. Control mixtures were produced with control binder (PG 64-22) using the same 
aggregate source and gradation, and used for comparison purposes. A total of 192 
specimens were fabricated using the Superpave gyratory compactor at four compaction 
temperatures of 97°C, 116°C, 135°C, and 154°C. The volumetric properties of the 
mixtures were measured and were evaluated using the statistical analysis methods. From 
these results, the following conclusions were drawn: 
• As expected, the CRM mixtures were found to have higher optimum asphalt 
contents than the control mixtures, regardless of the aggregate source used.  
• For the specimens compacted using the Superpave gyratory compactor, the 
difference in the air void contents as a function of the compaction temperatures 
was generally found to be statistically insignificant for the control mixtures at the 
5% level, except for the compaction temperature of 97°C.  
• Irrespective of the warm mix additives, the air void contents of the mixtures with 
CRM binders decreased as the compaction temperature increased from one 
temperature to the next consecutive temperature. From statistical analysis, it was 
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observed that the compaction temperature significantly affected the air void 
contents of the mixtures.  
• Generally, the compaction temperatures of CRM mixtures containing the warm 
mix additives, used in this study, can be decreased to those of the control 
mixtures, with the target air void contents satisfied. 
• Regardless of the compaction temperature, the addition of warm mix additives 
into CRM mixtures resulted in increasing the %VFA values and decreasing thef 
%VMA values. 
• In general, the two warm mix additives, Aspha-min® and Sasobit®, were found 
to have statistically insignificant difference on the volumetric properties of CRM 
mixtures, compared within each compaction temperature.  
• It is recommended to conduct a study to investigate the engineering properties 
such as rutting, moisture susceptibility and resilient modulus MR of CRM 
mixtures containing the warm mix additives. Also, further study with other types 
of CRM sources and percentages is needed to generalize these findings.   
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CHAPTER VIII 
8. LABORATORY EVALUATION OF ENGINEERING PROPERTIES OF 
RUBBERIZED MIXES CONTAINING WARM MIX ADDITIVES 
Introduction 
The NCAT study revealed that the WMA modified mixes were not effective in 
resisting rutting, due to the fact that the mixture will undergo less aging temperature 
compared to conventional HMA (NCAT 2005). The study of rutting parameters, moisture 
susceptibility and cracking properties of CRM mixtures modified with warm mix asphalt 
additives have been not studied in detail yet. Therefore, this study was initiated to 
characterize the engineering properties of CRM mixtures containing warm mix additives. 
Six CRM mixtures (two control mixtures and four warm mixtures) were prepared using 
two aggregate sources and two additives: Aspha-min® and Sasobit®. Evaluation of all 
mixtures included the following testing procedures: tensile strength ratio (TSR), Asphalt 
Pavement Analyzer (APA), resilient modulus, and resilient modulus after long-term oven 
aging. The results from this study showed that in general, there was no significant 
difference between the control and warm CRM mixtures for the properties evaluated in 
this study, indicating that the use of WMA technologies into CRM mixes is expected to 
have no negative effect on the mixture’s engineering properties. Figure 8.1 shows a flow 
chart of the experimental design used in this study 
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CRM Mixture Superpave Design
(10% CRM by binder wt.)
Moisture Susceptibility Rutting Resistance Resilient Modulus
10% CRM Mix (Control)
(1)
Mix Design 1 
(Aggregate Source: A)
(a)
Mix Design 2 
(Aggregate Source: B)
(b)
Same Testing Procedures 
as (a)
Resilient Modulus after
 long term oven aging
10% CRM Mix with Aspha-min®
(2)
10% CRM Mix with Sasobit®
(3)
Same Testing Procedures 
as (2)
Same Testing Procedures 
as (2)
 
Figure 8.1: Experimental Design for this Portion of the Research. 
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Test Program 
Indirect Tensile Strength (ITS) 
The indirect tensile strength (ITS) properties were measured to evaluate the 
moisture susceptibility of the mixtures according to AASHTO T 283-02. Two sets of 3 
samples each were tested at 25 °C in dry and wet states. The samples were 150 mm 
diameter having a height of 95 mm and an air void content of 7±1%. The ITS and tensile 
strength ratio (TSR) values were calculated, and the results were reported as the average. 
Asphalt Pavement Analyzer (APA) 
The APA test in this study was conducted on cylindrical samples with an air void 
content of 4±0.5%, a height of 75 mm and a diameter of 150 mm according to AASHTO 
TP 63-03. The test temperature was 64 °C; the hose pressure was 690 kPa; the wheel load 
was 445 N. The rut depth was recorded and measured manually after 8,000 cycles.  
Resilient Modulus (MR) 
The resilient modulus test was carried out at temperatures of 5, 25, and 40 °C 
according to AASHTO TP 31-96. Four duplicate samples with 150 mm diameter and 95 
mm thickness were compacted using the Surperpave Gyratory Compactor (SGC) to an air 
void content of 4±0.5%. One of the four samples was used to measure the ITS value by 
which the repeated load is determined. For the repeated load, 30%, 15% and 5% of the 
ITS was used for the tests at 5, 25 and 40 °C; respectively.  The resilient modulus value 
was reported as an average of three samples. 
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Resilient Modulus (MR) after Long-term Oven Aging 
The CRM mixtures containing warm mix additives were compacted to an air void 
content of 4±0.5% and artificially aged using an accelerated aging process (an oven aging 
for 2 days at 100 °C) in the laboratory (Shen et al. 2006). The resilient modulus test was 
carried out at temperatures of 5, 25, and 40 °C according to ASTM 4123. 
Results and Discussions 
Superpave mix design 
Table 8.1 summarizes the mix design results for CRM mixtures. The same mix 
design results were also used for CRM mixes containing warm mix additives (NCAT, 
2005, Gandhi, 2008, Hurley and Prowell, 2005). Using the OAC for each mix, samples 
for ITS, APA, and resilient modulus tests were prepared and tested. 
Table 8.1: Superpave Mix Design Results for CRM Mixtures. 
Property Aggregate source A Aggregate source B 
OAC (%) 6.2 5.0 
MSG 2.477 2.583 
BSG 2.379 2.482 
%Air void 4 4 
%VMA 18 16 
%VFA 78 75 
OAC: Optimum Asphalt Content,MSG: Maximum Specific Gravity,BSG: Bulk Specific Gravity 
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Moisture Susceptibility 
Indirect tensile strength (ITS) tests in dry and wet conditions and tensile strength 
ratio (TSR) were used as a measure of moisture susceptibility for the control and warm 
CRM mixes. Figure 8.2 illustrates the ITS test results and the TSR values. The mixtures 
made with aggregate B showed relatively higher ITS and TSR values than the 
corresponding mixtures made with aggregate A. The ITS values of all mixtures satisfied 
the requirement set forth by the South Carolina’s Department of Transportation (SC 
DOT) (455 kPa or 65 Psi). With respect to the TSR values, all CRM mixtures resulted in 
higher TSR values than 85%, the criterion specified by the SC DOT. 
 
Figure 8.2: ITS Test Results of Warm CRM Mixtures Made with Aggregate Sources A and B. 
Using one-way analysis of variance, the statistical significance of the change in 
the ITS values as a function of warm mix additive and aggregate source was examined, 
and the results are shown in Table 8.2. The data indicates that there was no significant 
difference, at the α=0.05 level, among dry ITS values between the control CRM mixture 
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and the CRM mixtures containing Aspha-min® within each aggregate source. When 
compared within aggregate source B, it was observed that the effect of warm mix 
additives on ITS values (both dry and wet conditions) was statistically insignificant in all 
cases. Also, the aggregate source was found to have significant effect on moisture 
susceptibility of warm CRM mixtures. 
Table 8.2: Statistical Analysis of the ITS Values of Warm CRM Mixtures as A Function of Warm 
Mix Additive and Aggregate Source (α=0.05): (a) Dry ITS; (b) Wet ITS. 
(a) 
Aggregate 
Source 
A B 
1 2 3 1 2 3 
A 
1  N S S S S 
2   S S S S 
3    S S S 
B 
1     N N 
2      N 
3       
 
(b) 
Aggregate 
Source 
A B 
1 2 3 1 2 3 
A 
1  N S S S S 
2   S S S S 
3    S S S 
B 
1     N N 
2      N 
3       
Warm mix additive 1: Control, 2: Aspha-min®, 3:Sasobit®. N: non-significant,              
S: significant 
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Rutting Resistance 
Figure 8.3 shows the final rut depth values for the mixtures which were 
compacted at an air void content of 4±0.5%. From the APA test results, the deformation 
values after 8000 cycles were found to be significantly below 8 mm, the recommended 
value (NCHRP Report 508 2003). The rut depth values of CRM mixtures with aggregate 
source B were relatively lower than those with aggregate source A.  
 
Figure 8.3: APA Test Results of Warm CRM Mixtures Made with Aggregate Sources A and B. 
 
The statistical significance of the change in rut depth values depending on the 
warm mix additive and the aggregate source was examined (Table 8.3). The statistical 
results showed that the difference in the control CRM mix and the warm CRM mixes was 
statistically insignificant within aggregate source B at the 5% level, indicating that the 
addition of warm mix additives did not have any significant effect on the rutting 
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resistance of CRM mixes. The aggregate sources were, in most cases, found to have a 
significant effect on the rut depth values of warm CRM mixtures. 
Table 8.3: Statistical Analysis of the APA Test Values of Warm CRM Mixtures as a Function of 
Warm Mix Additive and Aggregate Source (α=0.05). 
Aggregate 
Source 
A B 
1 2 3 1 2 3 
A 
1  S S N N N 
2   S S S S 
3    S S S 
B 
1     N N 
2      N 
3       
Warm mix additive 1: Control    2: Aspha-min®      3:  Sasobit®. N: non-significant,              
S: significant 
 
Resilient Modulus 
In general, the resilient modulus at low temperatures is related to cracking 
properties of asphalt mixtures. Lower resilient modulus values at low temperature are 
considered desirable attributes from the standpoint of resistance to cracking. Figure 8.4 
shows the resilient modulus test results at temperatures of 5, 25, and 40 °C.  
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Figure 8.4: Resilient Modulus Test Results for Warm CRM Mixtures Made with Aggregate Sources 
(a) A and (b) B. 
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A general trend was found that two warm mix additives of Aspha-min® and 
Sasobit® had similar effect on resilient modulus values of CRM mixes at 25 and 40 ºC. 
Also, the mixtures made with aggregate source B produced higher resilient modulus 
values than those with aggregate source A, especially at the test temperature of 5 °C.  
Similar to the ITS and APA test results, the resilient modulus of CRM mixes tends to 
highly depend upon the aggregate sources (A or B) rather than the warm mix additives 
(Control, Aspha-min®, or Sasobit®). 
Resilient Modulus after Long-term Oven Aging 
The effectiveness of the accelerated aging process used in this study was 
evaluated in a previous study using gel permeation chromatography (GPC) technique 
(Shen et al. 2006). The study investigated the large molecular size (LMS) of the binders 
extracted from the mixtures before and after the aging process, and the result of the 
comparison showed that the long-term aging of the mixtures in the laboratory resulted in 
the average increase of 68% in the LMS ratios (LMS ratio = LMS value after aging / 
LMS value before aging). In general, the aging is considered to have a good relation with 
an increase in the LMS of an asphalt binder (Jennings et al. 1985; Kim and Burati 1993; 
Kim et al. 2006; Shen et al. 2007).  
Figure 8.5 shows the resilient modulus test results of the control and warm CRM 
mixtures which were long-term aged for 2 days at 100 °C.  
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Figure 8.5: Resilient Modulus Test Results after Long-Term Oven Aging for Warm CRM Mixtures 
Made With Aggregate Sources (a) A and (b) B. 
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After long-term aging, the warm mix additives were observed to have no 
significant effects on the resilient modulus values of CRM mixes, with the exception of 
control CRM mixes (aggregate source A) at 25 ºC, where the control CRM mixes had 
significantly higher resilient modulus values than the CRM mixes containing additives. In 
terms of the effect of aggregate source, the resilient modulus values of CRM mixes after 
aging showed similar trends with those of CRM mixes before aging, indicating that the 
CRM mixtures with aggregate source A were expected to be less susceptible to cracking 
at low temperatures. In short, the addition of warm mix additives into CRM mixes was 
found to have no negative influences on stiffness properties of the CRM mixes. 
Summary, Conclusions and Recommendations 
To investigate the engineering properties of warm CRM asphalt mixtures, two 
warm mix additives of Aspha-min® and Sasobit® were incorporated into CRM mixtures 
designed with two aggregate sources. A series of mixture tests were conducted to obtain 
the TSR, the APA, the resilient modulus, and the resilient modulus after long-term oven 
aging. Based on the experimental results, the following conclusions were drawn for the 
limited materials used in this study. 
1) Irrespective of warm mix additives, the ITS and TSR values of CRM mixtures 
were higher than the SCDOT specification. In most cases, there was no significant 
difference of the ITS values between the control and warm CRM mixtures.  
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2) In general, the two warm mix additives, Aspha-min® and Sasobit®, were 
observed to have statistically insignificant difference on the resilient modulus properties 
of CRM mixtures in both unaged and long-term aged conditions. 
3) The aggregate source seemed to have significant effect on the moisture 
susceptibility, rutting resistance, and resilient modulus properties (before and after aging) 
of the control and warm CRM mixes. 
4) In most cases, the engineering properties of CRM mixtures containing the 
warm mix additives were not significantly different than those of control CRM mixtures, 
suggesting that the use of warm mix asphalt technologies into CRM mixes does not have 
negative influence on the mixture properties. 
5) Further research is recommended to conduct on fatigue behavior of the CRM 
mixtures containing warm mix additives. And also with several aggregate sources, CRM 
sources and different CRM contents. 
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CHAPTER IX 
9. CORRELATION BETWEEN MIXTURE AND BINDER PROPERTIES OF 
RUBBERIZED WARM ASPHALT  
Introduction 
The influence of crumb rubber and WMA additive mixed with virgin mixtures 
together has not yet been identified clearly. The interaction of modified mixtures is not 
well understood from the standpoint of binder properties and field performance. For 
example, the researchers and engineers only know the WMA additive will reduce the 
performance temperatures and achieve the ideal workability of HMA but does not change 
their engineering properties. While the addition of crumb rubber increases the demand of 
asphalt binder and significantly increases the mixing and compacting temperatures but is 
helpful in resisting the high temperature deformation and extending the long-term 
performance of HMA. Because of the complicated relationships of these two materials in 
the modified mixtures, detailed information will be beneficial to help obtain an optimum 
balance in the use of these materials.  
The goal of this study was to gain an improved understanding of the mixture 
performance characteristics and their correlations of the rubberized asphalt concrete 
mixtures containing WMA additives. Experiments were carried out to evaluate properties 
of modified binder (i.e., viscosity, G*/sinδ, G*sinδ and stiffness) as well as properties of 
the mixtures (i.e., indirect tensile strength, resilient modulus, and rutting susceptibility). 
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Analyses of Test Results 
Binder Analyses 
Binder source A was used in this study to prepare WMA modified asphalt 
mixtures with and without rubber and the rheological properties of asphalt binder is 
shown in Table 9.1. Viscosity of rubberized asphalt binder decreases while the high 
temperature performance (G*/sinδ) of overall binders increases with the addition of 
WMA additive. The unaged binder test result shows that the Asphamin and Sasobit can 
improve the workability (viscosity) and rutting resistance (G*/sinδ) of mixtures. The 
aged rubberized binders show that the G*sinδ values decrease with the addition of rubber 
but these values increase slightly as the WMA additives are added. It can be noted that 
the stiffness values of binders have similar trends with G*sinδ values due to the addition 
of these materials. Aged binder properties show that the WMA additives do not 
noticeably affect the long-term performance of asphalt binder. 
Table 9.1: Rheological Properties of Binder Source A. 
 
A-Asphamin; B-Sasobit; #- 10% -40 mesh rubber by weight of the binder. 
Viscosity Std. G*/sinδ Std. G*sinδ Std. Stiffness Std.
PG 64-22 405.0 1.3 1.2 212.1 2970.0 572.8 221.0 20.5
PG 64-22A 439.2 4.0 1.6 55.2 2855.0 35.4 243.7 4.9
PG 64-22S 382.2 13.1 2.1 115.3 3315.0 318.2 244.7 4.7
PG 64-22# 1600.0 0.0 3.7 60.8 1705.6 66.1 128.5 2.5
PG 64-22#A 1477.8 78.2 4.7 631.9 2042.1 3.9 148.0 1.2
PG 64-22#S 1438.9 93.0 5.2 469.4 2160.3 170.2 150.5 0.6
Mpa (-12°C)kPa (25°C)kPa (64°C)Pa.S (135°C)
Aged binder (RTFO+PAV)Unaged binder
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Mixture Analysis 
The engineering properties of mixtures are shown in Table 9.2. It can be noted 
that, for no rubber mixture, the ITS values of two aggregate sources decreased after the 
WMA additives were added, while the ITS values of the rubberized mixture containing 
WMA additive do not show a clear trend. Generally, the rut depths of the rubberized 
mixtures, as expected, are less than those of no rubber mixtures regardless of the 
aggregate source and WMA additive types. In comparison with two mixtures (no WMA 
additive or WMA additive mixtures), the results show the additional WMA additives do 
not remarkably affect the rut depth. Resilient modulus values of mixtures decrease as the 
increase of testing temperature irrespective of the aggregate source used in this study 
(Table 9.2), in most cases, the mixtures used WMA additives have smaller resilient 
modulus values. In addition, the resilient modulus values of mixtures from two aggregate 
sources are noticeably different, where it may be due to different aggregate properties 
(Table 7.2).  
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Table 9.2: Engineering Properties of Mixtures made from Aggregate Sources (a) A and (b) B. 
 
 
0-control; 1-Aspha-min; 2- Sasobit; 3-10% rubber; 4-10%rubber+Aspha-min; 5-10%rubber + Sasobit 
Regression Analyses 
For a reliable regression model, the independent variables should be such that 
there should not be a strong correlation amongst them. Independent variables, if they 
were highly correlated, would weaken the prediction capability of the model, a problem 
referred to as multicollinearity (Neter, J,et al, 1988). However, for simple linear 
regression model, the dependent variables shall have the strong correlations with 
independent variables and thus yield stable regression coefficients and can efficiently 
improve the use of models for inference and forecasting. In this study, although Pearson 
analysis for two aggregate sources, as shown in Table 9.3, presents the correlation values 
of the dependent and independent variables, only the selected dependent variables such as 
ITS, rutting depth, and resilient modulus values (three testing temperatures) were 
ITS Std. Rut depth Std. MR Std. MR Std. MR Std.
kPa (25°C) mm (64°C) Gpa (5°C) Gpa (25°C) Gpa (40°C)
0 833.1 17.3 5.7 0.6 24.2 1.4 9.3 0.8 2.9 1.6
1 797.7 9.6 4.6 0.9 24.4 1.3 9.8 1.6 2.5 0.7
2 614.3 9.5 5.7 1.1 33.4 1.5 8.2 1.0 2.5 0.6
3 746.4 2.9 1.4 0.7 31.5 7.2 14.5 3.1 7.3 4.6
4 764.3 4.9 2.6 1.0 21.4 4.5 10.7 3.3 5.4 2.1
5 595.4 11.0 2.1 0.6 37.9 5.0 12.2 5.2 8.5 1.3
ITS Std. Rut depth Std. MR Std. MR Std. MR Std.
kPa (25°C) mm (64°C) Gpa (5°C) Gpa (25°C) Gpa (40°C)
0 928.3 5.9 5.1 0.5 49.3 8.0 15.4 0.9 5.3 0.5
1 770.2 1.5 5.2 1.2 34.3 1.8 10.7 0.7 3.4 0.6
2 748.4 7.9 2.8 0.5 35.3 2.5 13.1 0.7 4.6 0.3
3 946.7 15.4 1.1 0.5 75.4 25.2 23.2 7.6 9.3 1.8
4 949.8 4.1 1.5 0.5 43.1 5.7 16.4 5.7 6.3 1.0
5 941.7 9.8 1.6 0.5 40.9 4.7 14.6 1.9 7.0 1.1
(a) 
(b) 
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correlated with other independent variables that included rheological and engineering 
properties regardless of the aggregate sources. These selected correlations between 
variables can affect each other and the pavement performance and their correlation values 
are highlighted in Table 9.3. 
Table 9.3: Pearson Matrix for Mixtures from Aggregate Sources (a) A and (b) B. 
 
 
Note: #-The values from the aged samples 
It can be noted that, in general, the selected independent variables have the strong 
relationship with the dependent values (close to 1 or -1). In addition, the correlation 
values between each of the independent variables are generally different for two 
aggregate sources due to different physical and mechanical properties of each source. 
Furthermore, although some of dependent variables exhibit the strong correlations with 
some of the independent variables, they were not employed in this research.  For 
instance, rut depth had a correlation coefficient of 0.972 and 0.731 with G*sinδ for 
aggregates A and B, respectively, however, it is not practical to develop the relationship 
MR (5oC) MR (25oC) MR (40oC) G* sinδ G*/sinδ Visco. ITS Rut depth Stiffness
G* sinδ #0.450 #0.373 #-0.210 1
G*/sinδ 0.357 0.623 0.884 0.789 1
Viscosity 0.228 0.852 0.916 0.964 0.913 1
ITS -0.869 -0.049 -0.493 -0.015 -0.479 -0.209 1
Rut depth -0.277 -0.917 -0.924 0.972 -0.864 -0.974 0.194 1
Stiffness #0.447 #0.444 #-0.139 #0.9647 -0.860 -0.984 0.129 0.946 1
MR (5oC) MR (25oC) MR (40oC) G* sinδ G*/sinδ Visco. ITS Rut depth Stiffness
G* sinδ #0.960 #0.882 #0.731 1
G*/sinδ 0.192 0.395 0.649 0.789 1
Viscosity 0.550 0.696 0.853 0.964 0.913 1
ITS 0.595 0.678 0.755 -0.773 0.616 0.752 1
Rut depth -0.423 -0.630 -0.788 0.731 -0.874 -0.867 -0.490 1
Stiffness #0.995 #0.841 #0.680 #0.9647 -0.860 -0.984 -0.843 0.829 1
(a) 
(b) 
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between deformation and long-term aging of asphalt pavement. The detailed analysis 
between the selected dependent and independent variables are expressed as follows. 
Correlation between aged MR at 5 °C and Creep Stiffness at -12 °C 
The stiffness of the mixtures at low temperatures (MR at 5°C) was compared to 
the creep stiffness of the binders at -12°C. To simulate the similar conditions of the 
binder, asphalt mixtures were aged in the oven according to AASHTO R30, Standard 
Practice for Mixture Conditioning of Hot Mix Asphalt (AASHTO Standards), and their 
stiffness at 5°C was compared with the creep stiffness of aged binder at -12°C (Figure 
9.1). Resilient modulus was observed to increase with the binder creep stiffness for mixes 
with both the aggregate sources, mixture containing aggregate B showing a good 
correlation (R2=0.9115) compared to mixes containing aggregate A, indicating that 
aggregate source also has an influence on the stiffness of the mixtures.  
 
Figure 9.1: Correlations of the aged MR at 5ºC and aged Binder Stiffness. 
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Correlation between the aged MR at 25ºC and G*Sin δ  
In Superpave binder specifications, the product of the complex shear modulus, 
G*, and the sine of the phase angle,δ, is used as an indicators of fatigue cracking in 
asphalt pavements. Lower G*sinδ values are generally considered desirable attributes 
from the standpoint of resistance to fatigue cracking (Asphalt Institute 2003). Resilient 
modulus indicates the stiffness modulus of pavements (NCAT 21996), and mixtures with 
lower MR values at low temperatures are resistant to cracking, since they have lower 
stiffness. The G*sinδ values of the rubberized warm asphalt binders (RTFO+PAV 
residue) were measured using the DSR at 25°C, and compared with the MR values of 
asphalt mixtures measured in the laboratory at 5, 25, and 40ºC as per ASTM D 4123, 
Indirect Tension test for Resilient Modulus of Bituminous Mixtures  (ASTM Standards, 
1995).  
The temperature and traffic on the pavements causes the hardening or aging of the 
asphalt binder, when the asphalt binder is aged and becomes stiff. To simulate the aging 
of mixtures, the asphalt pills were conditioned according to AASHTO R30, Standard 
Practice for Mixture Conditioning of Hot Mix Asphalt (AASHTO Standards), and their 
stiffness at 25°C was compared with the G*sinδ values of aged binder (Figure 9.2a). It 
was observed that with the increase in G*sinδ value the MR increased, since the stiffness 
of the binder increases with increase in G*sinδ. A reasonable correlation, irrespective of 
the aggregate source and type of warm asphalt additive, was observed. 
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Correlation between the original MR at 25ºC and dry ITS  
High ITS value indicates high strength of the asphalt mixtures, and better 
resistance to cracking. High MR values indicate higher stiffness of the mixtures, which is 
a required attribute to resist deformation and cracking at intermediate temperatures. Thus, 
the dry ITS values of the mixes measured at 25°C were compared with the MR values 
measured at 25°C (Figure 9.2b). Aggregate source seems to have a significant effect in 
the correlation of mixture properties. Mixture containing aggregate A had a very poor 
correlation (R2=0.0024). Resilient modulus showed an increasing trend with ITS for the 
mixture made with aggregate B, and showed a reasonable correlation (R2=0.4599) 
between ITS and MR. Again, it is believed that this is as a result of porosity and specific 
gravity of the aggregate which effects ITS value and compressive strength respectively 
(Table 7.2)  
 
Figure 9.2: Correlations, (a) The Aged MR (25ºC) and G*Sinδ; (b) The Unaged MR (25ºC) and dry 
ITS values 
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Correlation between the original MR at 40 °C and viscosity  
Viscosity is an indication of pumpability of asphalt binder and was measured 
using rotational viscometer (Asphalt Institute, 2003). A comparison of the MR values of 
the mixtures at 40°C (corresponding to the higher temperature properties of the mixtures) 
with the viscosity of the binders at 135°C showed a reasonable correlation, irrespective of 
the aggregate source and the warm asphalt additive (Figure 9.3a). This trend is obvious as 
the increase in the viscosity leads to higher stiffness in the binders, and thus, higher 
stiffness in the mixtures. This is consistent with findings from another research (Xiao and 
Amirkhanian 2007).  
Correlation between original MR at 40 °C and rut depth  
Rutting is an important distress to be considered in asphalt pavements, which can 
be influenced by the amount of compaction and asphalt binder properties. Rutting 
properties of the asphalt pills were measured using asphalt pavement analyzer (APA) 
according to AASHTO TP63, Determining Rutting Susceptibility of Asphalt Paving 
Mixtures Using the Asphalt Pavement Analyzer, (AASHTO Standards). Since rutting 
occurs at high service temperatures of the pavement, it was compared with MR at 40 °C 
(Figure 9.3b). It was observed that MR and rut depths were inversely correlated, 
irrespective of the aggregate source and type of warm asphalt additive. This indicates that 
the lower the stiffness of the mixtures, the higher was the tendency of the mixes to 
rutting.  
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Correlation between the original MR at 40 °C and G*/sinδ  
SHRP recommends a minimum G*/sinδ value of 2.2 kPa, since higher G*/sinδ 
value indicates higher stiffness of the binder, which is better to resist the rutting in 
pavements. Figure 9.3c shows the correlation between the G*/sinδ value of the binders 
and the MR of the mixtures at 40°C. It was observed that MR increased with G*/sin δ, for 
both of the aggregates used in this study, indicating a reasonable prediction of the 
mixture rutting properties from the binder stiffness properties. 
 
 
 
Figure 9.3: Correlations between MR at 40 0C and (a) Binder Viscosity; (b) G*/Sinδ;                         (c) 
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Correlation between dry ITS, stiffness and viscosity of binder 
ITS is often used to evaluate the moisture susceptibility of asphalt mixtures, and 
in some cases the cracking potential of mixes (Xiao and Amirkhanian, 2007). The asphalt 
mixtures that exhibit high ITS values are generally better to resist cracking. In this study 
the correlation between dry ITS values of asphalt mixtures with the stiffness and 
viscosity of binders were studied (Figures 9.4a and 9.4b), and it was observed that 
aggregate source had a significant effect on the ITS values of the WMA mixtures 
regardless of asphalt binder viscosity or stiffness. The dry ITS of mixes containing 
aggregate A had a poor correlation with the stiffness and viscosity, while the ITS values 
of mixes containing aggregate B showed a reasonable correlation with the stiffness and 
viscosity of binders, where the ITS values increased with the increase in viscosity of the 
binders while the stiffness value increases result in an increase of ITS values. The trend 
showed in Figure 9.4 could be as a result of the properties of the aggregates. Aggregate A 
is prone to stripping, and aggregate B is harder, has a higher LA value and higher 
fractured face count, as a result of which, it can exhibit high ITS values compared to 
mixes with aggregate A. 
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Figure 9.4: Correlations between ITS Values and, (a) Binder Stiffness; (b) Viscosity 
Correlation between rut depth, G*/sin δ and viscosity 
According to the SHRP specifications, higher G*/sin δ values are generally 
considered desirable attributes from the standpoint of resistance to rutting of the 
pavements. Figure 9.5(a) showed a very good correlation between rut depth and G*/sin δ, 
irrespective of the aggregate source and warm asphalt additive, where the rut depth was 
decreasing with increasing G*/sin δ at the same temperature. Additionally, viscosity of 
the binder was compared with rutting depth and it was observed that rut depth was 
decreasing with increasing viscosity values (Figure 9.5(b)), indicating that the increase in 
the stiffness of the binders due to higher viscosity improved the rutting resistance of the 
mixtures.  
R² = 0.0167
R² = 0.7099
0
300
600
900
1200
0.0 100.0 200.0 300.0
D
ry
 
IT
S 
(k
Pa
)
Stiffness (Mpa)
Agg.A
Agg.B
R² = 0.0437
R² = 0.5655
0
300
600
900
1200
0.0 0.5 1.0 1.5 2.0
D
ry
 
IT
S 
(k
Pa
)
Viscosity (Pa.s)
Agg. A
Agg. B
(a) (b) 
 125
 
 
Figure 9.5: Correlations between Rut Depth and, (a) G*/Sinδ; (b) Binder Viscosity. 
Regression Model 
Simple linear regression analyses of these data were performed using Statistical 
Analysis System (SAS). The coefficient of determination values and Equations of the 
selected variable are shown in Table 9.4. It is noticeably different for two aggregate 
sources due to the different aggregate materials having different physical and mechanical 
properties. For example, the Equation 1A (between the aged resilient modulus at 5ºC and 
aged binder stiffness) from the aggregate A shows a poor prediction (R2 = 0.1996) while 
Equation 1B from aggregate B has a good prediction (R2 = 0.9115). The aged samples 
were also used for testing the resilient modulus and the correlation between MR and 
G*sinδ values were obtained (Table 9.4), while other regression models were developed 
from the original asphalt mixture. The Pearson and regression analysis between the 
rheological and engineering properties of rubberized warm mix asphalt shows that the 
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simple prediction models are effective to employ in this study based on R2 coefficient of 
determination.  
Table 9.4: Equations and R2 Values of Mixtures. 
 
Resilient modulus at 40 0C showed a very good correlation with viscosity, 
G*/Sinδ and rut depth of the asphalt mixtures made with both the aggregate sources A 
and B (Table 9.4). With respect to the relationships among the MR at 40 0C, viscosity, 
G*/sinδ and rut depth values, the prediction models are developed according to following 
regression method by using aggregate sources A and B. 
MR= a1X1+a2X2+a3X3+β 
Where, 
a1, a2, a3 are the coefficients of viscosity, rut depth, G*/sinδ 
X1, X2, X3 are the independent variables (viscosity, rut depth, G*/sinδ) 
β is the intercept value 
Dependent 
variable
Independent 
variable
Y X Equation R2 Equation R2
M R
#
 
(5oC) S 1A: Y=0.0455X+20.56 0.1996 1B: Y=0.114X+24.26 0.9115
M R
# (25oC) G*sin δ 2A: Y=1.67X+5.60 0.1395 2B: Y=5.13X+1.87 0.7791
M R (25oC) ITS 3A: Y=-0.0011X+11.62 0.0024 3B: Y=0.03X-11.24 0.4599
η 4A: Y=0.004X+1.02 0.8383 4B: Y=0.0029X+3.20 0.7284
Rut 5A: Y=-1.28X+9.59 0.8526 5B: Y=-0.8697X+8.48 0.6213
G*/sin δ 6A: Y=1.39X+0.5375 0.7806 6B: Y=0.79X+3.20 0.4214
S 7A: Y=0.24X+679.72 0.0167 7B: Y=-1.51X+1167 0.7099
η 8A: Y=33.97X+757.71 0.0437 8B: Y=118.01X+767.89 0.5655
G*/sin δ 9A: Y=-0.98X+6.71 0.7458 9B: Y=-0.97X+5.89 0.7633
η 10A: Y=-3.05X+6.61 0.9494 10B: Y=-2.665X+5.44 0.7524
Aggregate B
M R (40oC)
Rut
ITS
Aggregate A
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The analyses results shown in Table 9.5 were derived from regression techniques, 
where Statistical Analyses System (SAS) was used to analyze the data. 
Table 9.5: Correlation Coefficients and R2 Values of Resilient Modulus from Multiple Regression 
Analysis. 
Temperature a1 a2 a3 β R2 
5 0C 11.79082 -5635.858 -7811.94 68949.87 0.2962 
25 0C 4.92761 -2260.009 -2897.42 24842.52 0.6728 
40 0C 2.397931 -711.417 -393.864 6657.962 0.7937 
 
Validation of MR Prediction Model 
The calibration of the multiple regression model developed with aggregate 
sources A and B (Table 9.5) is required to utilize the developed system with other 
sources, to predict resilient modulus of asphalt mixtures. Total of 60 pills, 36 for APA 
and 24 for MR, were made by using the third aggregate source C and binder source D to 
validate the predicted MR model. To test the model for worst case scenario (since the 
model had a very good R2 value at 40 0C) the MR test was performed at only two 
temperatures (5 and 25 0C). The measured and predicted results, drawn from regression 
model are shown in Figure 9.6. The R2 value obtained from Figure 9.6 is 0.596, which is 
reasonable to predict the resilient modulus by using the linear regression model 
developed in this study (Xiao F.P, 2006, Shen et al 2008). The reason to get the low R2 
value might be the predicted MR values at 5 0C were not close to the line, this is due to 
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the developed model itself had a less R2 value, and the MR at 40 0C was not measured, 
which had a very good R2 value for the developed model. 
 
Figure 9.6: Predicted and Measured Resilient Modulus of Asphalt Mixtures made with Aggregate 
Source C and Binder Source D. 
 
Conclusions and Recommendations 
The following conclusions can be drawn from this part of the study. 
• The results show that the ITS, rut depth, and resilient modulus values are 
noticeably affected by the aggregate source due to the aggregates different 
physical and mechanical properties. 
• The correlation and regression analysis of various rheological and 
engineering properties of the rubberized mixture containing the WMA 
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additive show that the developed regression models between independent 
and dependent variables have reasonable R2 values for two aggregate 
sources where aggregate B shows a better prediction based on greater R2 
values.  
• A strong correlation between resilient modulus (MR) and viscosity, 
G*/sinδ and rut depth are found this study. The predicted and measured 
resilient modulus values from regression analysis showed reasonable 
relationship; therefore, the developed models could be effectively used.
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CHAPTER X 
10. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR 
FUTURE RESEARCH 
Summary 
Warm mix asphalt technology is used in asphalt industry to reduce the mixing and 
compaction temperatures of asphalt mixtures, and improve the working conditions at site, 
and improve the environment. CRM mixtures have been proven in increasing durability 
of the pavements and improve the environment by decreasing the waste reduction and 
noise. CRM mixtures, in general require high temperatures compared to conventional 
asphalt mixtures, with the introduction of WMA technology it is expected to decrease the 
temperature requirement and produce the same quality of mix. Previous studies have 
been limited to study the effects of warm asphalt mix additives on virgin binders and 
HMA mixtures; therefore this study was initiated to study the effect of WMA additives 
on rubberized binders and mixtures. 
The high temperature properties of WMA modified rubberized binders were 
studied and the results are reported in chapter four. CRM binders were produced in the 
laboratory using five different PG 64-22 binder sources and -#40 mesh, 10% ambient 
ground rubber. Two types of warm mix asphalt additives (Aspha-min® , Sasobit®) were 
used to produce the warm asphalt modified rubberized binders. The viscosity values were 
measured at 135 0C and 120 0C at 30, 60, 90 minutes after mixing the warm asphalt 
additives to determine the time and temperature effect on viscosity of the binders. In 
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addition the high failure temperatures were measured to determine the rutting potential of 
warm asphalt modified CRM binders. 
The aging characteristics, indicating long term performance properties of warm 
asphalt modified rubberized binders were studied and the results are reported in chapter 
five. The aged (RTFO+PAV) warm asphalt modified CRM, control binders were 
produced and intermediate, high temperature properties of aged binders were measured 
using DSR. Aging index of the WMA modified CRM binders were measured for RTFO 
aged binders to determine the effects of aging on the viscosity of modified binders. 
Stiffness of the aged binder and m value were measured using BBR. The rheological 
properties of WMA modified CRM binders were tested and the results are reported in 
chapter six. In addition, the molecular size distribution of (RTFO+PAV) aged and un-
aged warm asphalt modified CRM binders were measured and the results are reported in 
chapter six. 
The rubberized warm asphalt mixtures were produced using Superpave mix 
design procedures, and tested to determine the effects of compaction temperature on the 
volumetric properties of mixes and the results are reported in chapter seven. Two 
aggregate sources, ambient ground 10%, -#40 mesh rubber and two different types of 
warm mix asphalt additives and four different compaction temperatures were used to 
produce 192 specimens. The %Air voids, %VMA, %VFA were observed at each 
compaction temperature. 
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Engineering properties such as rut depth, resilient modulus, indirect tensile 
strength of the WMA modified rubberized mixtures were tested and the results are 
reported in chapter eight. The asphalt mixture specimens were aged at 100 0C for 2 days 
in oven according to (Shen et.al, 2005), and the resilient modulus were measured on the 
aged pills to determine the effects of aging on WMA modified rubberized mixtures. over 
108 specimens were produced using two different aggregates and two different warm 
asphalt additives and one CRM binder. 
For a better understanding of the mixture performance characteristics and their 
correlations of the rubberized asphalt concrete mixtures containing WMA additives, the 
regression models are developed and their relations are reported in chapter nine. In 
addition the summary, conclusions and recommendations of this study are reported in 
chapter ten. 
Conclusions 
• It was observed that the addition of warm asphalt additives improve the 
high temperature properties of the rubberized binders. Viscosity was 
increased at both 135 and 120 0C with Aspha-min, and decreased at both 
the temperatures with Sasobit® compared to control binders. Failure 
temperatures were increased with both the additives compared to control 
binder irrespective of the five binder sources used in this study for both 
aged and unaged binders, indicating a better resistance on permanent 
deformation at high temperature. 
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• Regardless of the binder source, the warm asphalt additives used in this 
study showed higher G*sin δ values, compared to control rubberized 
binders, indicating susceptibility to fatigue cracking at intermediate 
temperatures. At the same time, both the additives showed higher aging 
index after short term aging, indicating resistance to rutting at higher 
temperatures. Sasobit® was found to increase the stiffness of binder and 
reduce m value, which makes the binder susceptible to low temperature 
cracking for all the binder sources used in this study. However Aspha-
min® does not affect the low temperature properties of asphalt binder 
significantly compared to control rubberized binders. 
• Binders containing Sasobit® had higher viscosities and lower compliance 
values in creep recovery test, compared to binders containing Aspha-min® 
or no WMA additive. Since Sasobit® is a wax which re-crystallizes in the 
binder at intermediate to low temperatures causes an increase in viscosity 
and increases the resistance to permanent deformation. Also, the addition 
of Sasobit® shows lower phase angle compared to Aspha-min® and 
control binders in temperature sweep tests indicating higher elasticity at 
intermediate temperatures. 
• The air void contents of CRM mixtures decreased as the compaction 
temperature increases, irrespective of the addition of warm mix additives. 
From this research it was concluded that the compaction temperatures of 
CRM mixtures containing warm mix additives can be decreased to those 
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of control mixtures which has no rubber in it. Regardless of the 
compaction temperature and aggregate source, the addition of warm mix 
additives into CRM mixtures resulted in increasing the %VFA values and 
decreasing the %VMA values, indicating the increase in density or          
% compaction of the mixtures. 
• The aggregate source seemed to have a significant effect on the moisture 
susceptibility, rutting resistance, and resilient modulus properties (before 
and after aging) of the control and warm CRM mixes. In most cases, the 
engineering properties of CRM mixtures containing the warm mix 
additives are not significantly different from control CRM mixtures, 
suggesting that the use of warm mix asphalt technologies into CRM mixes 
does not have a negative influence on the mixture properties. 
• The correlation and regression analysis of various rheological and 
engineering properties of the rubberized mixtures containing the WMA 
additives showed that the developed regression models between 
independent and dependent variables have reasonable R2 values for two 
aggregate sources where aggregate B shows a higher R2 values. 
Developed models could be effectively used, since the regression analysis 
between predicted and measured values had a reasonable R2 value for the 
completely different aggregate and binder sources. 
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Recommendations for Future Research 
Since the WMA technology is relatively new, the more detail study on several 
other aspects needed to be studied before it is implemented in the field. This study has 
addressed several aspects of rubberized warm asphalt binders and mixtures; there are still 
several unknown parameters. It is recommended that the following topics to be 
investigated to add on to this findings of this research. 
• Evaluating the performance properties of WMA modified CRM binders 
and mixtures with several other sources of CRM and with different CRM 
contents to generalize the findings of this study. 
• Evaluating the performance properties of warm mix asphalt modified 
binders and mixtures modified with other polymers such as Styrene 
Butadiene Styrene (SBS), Low Density Poly Ethylene (LDPE) and High 
Density Polyethylene (HDPE). 
• Evaluating the fatigue properties of WMA mixtures and fatigue properties 
of Reclaimed Asphalt Pavement (RAP) mixtures containing WMA 
additives with different percentages of RAP. 
• Evaluating the performance properties of Stone Matrix Asphalt (SMA), 
Open Graded Friction Course (OGFC) of mixtures containing warm 
asphalt additives. 
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APPENDIX A 
Viscosity Data 
Table A.1: Viscosity Results at 135 0C of CRM Binders as Function of Time after Adding the Warm 
Mix Asphalt Additive for Source A. 
Binder Type 
Time after the 
Additive Added 
to CRM Binder 
In Minutes 
Viscosity (Pa-S) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
10% CRM 
Modified 
Binder 
30 1.6,1.6,1.6 1.60 0.000 0.00% 
60 1.53,1.53,1.55 1.53 0.014 0.94% 
90 1.55,1.56,1.55 1.55 0.003 0.19% 
10% CRM 
Binder 
modified with 
Aspha-min®  
30 1.55,1.38,1.51 1.48 0.091 6.18% 
60 1.4,1.78,1.53 1.57 0.195 12.45% 
90 1.43,1.68,1.53 1.54 0.122 7.90% 
10% CRM 
Binder 
modified with 
Sasobit® 
30 1.54,1.33,1.45 1.44 0.108 7.56% 
60 1.28,1.44,1.43 1.38 0.092 6.65% 
90 1.25,1.47,1.45 1.39 0.121 8.68% 
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Table A.2: Viscosity Results at 135 0C of CRM Binders as Function of Time after Adding the Warm 
Mix Asphalt Additive for Source B. 
Binder Type 
Time after the 
Additive Added 
to CRM Binder 
In Minutes 
Viscosity (Pa-S) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
10% CRM 
Modified 
Binder 
30 2.17,2.2,2.18 2.18 0.016 0.725% 
60 2.16,2.18,2.16 2.16 0.010 0.453% 
90 2.19,2.2,2.19 2.19 0.005 0.210% 
10% CRM 
Binder 
modified with 
Aspha-min®  
30 2.43,2.56,2.59 2.53 0.083 3.300% 
60 2.4,2.58,2.6 2.53 0.111 4.390% 
90 2.51,2.87,2.8 2.73 0.191 6.990% 
10% CRM 
Binder 
modified with 
Sasobit® 
30 2.05,2.23,2.13 2.14 0.088 4.090% 
60 2.03,1.98,2.03 2.01 0.024 1.190% 
90 2.26,2.11,2.18 2.18 0.075 3.430% 
 
Table A.3: Viscosity Results at 135 0C of CRM Binders as Function of Time after Adding the Warm 
Mix Asphalt Additive for Source C. 
Binder Type 
Time after the 
Additive Added 
to CRM Binder 
In Minutes 
Viscosity (Pa-S) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
10% CRM 
Modified 
Binder 
30 1.08,1.1,1.08 1.08 0.014 1.33% 
60 1.13,1.16,1.15 1.14 0.017 1.52% 
90 1.28,1.27,1.32 1.29 0.027 2.08% 
10% CRM 
Binder 
modified with 
Aspha-min®  
30 1.13,1.18,1.18 1.16 0.029 2.49% 
60 1.14,1.4,1.2 1.25 0.135 10.86% 
90 1.15,1.43,1.27 1.28 0.138 10.78% 
10% CRM 
Binder 
modified with 
Sasobit® 
30 0.99,1.01,1.08 1.03 0.044 4.30% 
60 1.03,1.08,1.03 1.04 0.027 2.56% 
90 1.11,1.08,1.1 1.1 0.013 1.16% 
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Table A.4: Viscosity Results at 135 0C of CRM Binders as Function of Time after Adding the Warm 
Mix Asphalt Additive for Source D. 
Binder Type 
Time after the 
Additive Added 
to CRM Binder 
In Minutes 
Viscosity (Pa-S) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
10% CRM 
Modified 
Binder 
30 1.9,1.86,1.9 1.89 0.024 1.27% 
60 2.13,2.1,2.15 2.13 0.025 1.17% 
90 2.18,2.2,2.15 2.18 0.025 1.15% 
10% CRM 
Binder 
modified with 
Aspha-min®  
30 2.11,2.21,2.21 2.18 0.058 2.65% 
60 2.08,2.3,2.23 2.2 0.115 5.21% 
90 2.13,2.5,2.38 2.33 0.191 8.18% 
10% CRM 
Binder 
modified with 
Sasobit®  
30 1.66,1.68,1.65 1.66 0.017 1.04% 
60 1.88,1.53,1.7 1.7 0.175 10.29% 
90 1.98,1.75,1.83 1.85 0.114 6.14% 
 
Table A.5: Viscosity Results at 135 0C of CRM Binders as Function of Time after Adding the Warm 
Mix Asphalt Additive for Source E. 
Binder Type 
Time after the 
Additive Added 
to CRM Binder 
In Minutes 
Viscosity (Pa-S) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
10% CRM 
Modified 
Binder 
30 1.53,1.51,1.53 1.52 0.01 0.633% 
60 1.48,1.52,1.5 1.5 0.021 1.4% 
90 1.6,1.6,1.55 1.58 0.029 1.82% 
10% CRM 
Binder 
modified with 
Aspha-min®  
30 1.78,1.77,1.75 1.76 0.013 0.72% 
60 1.98,1.8,1.94 1.91 0.093 4.87% 
90 1.95,1.81,1.88 1.88 0.071 3.77% 
10% CRM 
Binder 
modified with 
Sasobit® 
30 1.3,1.33,1.55 1.39 0.138 9.89% 
60 1.6,1.53,1.55 1.56 0.038 2.45% 
90 1.63,1.54,1.55 1.57 0.046 2.92% 
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Table A.6: Viscosity Results at 120 0C of CRM Binders as Function of Time after Adding the Warm 
Mix Asphalt Additive for Source A. 
Binder Type 
Time after the 
Additive Added 
to CRM Binder 
In Minutes 
Viscosity (Pa-S) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
10% CRM 
Modified 
Binder 
30 3.0,3.1,3.1 3.07 0.058 1.88% 
60 3.1,3.15,3.14 3.13 0.027 0.86% 
90 3.35,3.4,3.34 3.36 0.032 0.94% 
10% CRM 
Binder 
modified with 
Aspha-min®  
30 3.58,3.66,3.78 3.67 0.105 2.85% 
60 3.64,3.55,3.2 3.46 0.233 6.7% 
90 3.89,3.66,3.44 3.66 0.225 6.14% 
10% CRM 
Binder 
modified with 
Sasobit®  
30 2.58,2.48,3.45 2.783 0.536 18.93% 
60 2.56,2.48,3.58 2.87 0.612 21.34% 
90 2.93,2.73,3.75 3.13 0.543 17.34% 
 
Table A.7: Viscosity Results at 120 0C of CRM Binders as Function of Time after Adding the Warm 
Mix Asphalt Additive for Source B. 
Binder Type 
Time after the 
Additive Added 
to CRM Binder 
In Minutes 
Viscosity (Pa-S) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
10% CRM 
Modified 
Binder 
30 5.73,5.8,5.75 5.76 0.035 0.601% 
60 5.92,6,5.98 5.97 0.041 0.68% 
90 6.3,6.25,6.2 6.25 0.048 0.76% 
10% CRM 
Binder 
modified with 
Aspha-min®  
30 6.22,6.67,6.72 6.53 0.275 4.21% 
60 6.29,6.23,6.53 6.35 0.158 2.48% 
90 6.73,6.94,6.96 6.88 0.125 1.82% 
10% CRM 
Binder 
modified with 
Sasobit® 
30 4.97,4.13,4.85 4.65 0.456 9.81% 
60 5.03,3.69,4.86 4.53 0.726 16.05% 
90 5.32,4.82,5.44 5.19 0.331 6.37% 
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Table A.8: Viscosity Results at 120 0C of CRM Binders as Function of Time after Adding the Warm 
Mix Asphalt Additive for Source C. 
Binder Type 
Time after the 
Additive Added 
to CRM Binder 
In Minutes 
Viscosity (Pa-S) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
10% CRM 
Modified 
Binder 
30 2.6,2.65,2.63 2.63 0.025 0.95% 
60 2.71,2.72,2.75 2.73 0.022 0.81% 
90 2.93,2.94,2.99 2.95 0.035 1.17% 
10% CRM 
Binder 
modified with 
Aspha-min®  
30 2.88,2.87,2.87 2.87 0.005 0.17% 
60 3.35,2.82,2.9 3.02 0.287 9.5% 
90 3.4,2.86,2.83 3.03 0.323 10.66% 
10% CRM 
Binder 
modified with 
Sasobit® 
30 1.9,2.13,2.23 2.09 0.168 8.03% 
60 1.8,2.2,2.35 2.12 0.284 13.43% 
90 1.73,2.38,2.45 2.19 0.394 18.01% 
 
Table A.9: Viscosity Results at 120 0C of CRM Binders as Function of Time after Adding the Warm 
Mix Asphalt Additive for Source D. 
Binder Type 
Time after the 
Additive Added 
to CRM Binder 
In Minutes 
Viscosity (Pa-S) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
10% CRM 
Modified 
Binder 
30 4.49,4.66,4.65 4.6 0.094 2.04% 
60 4.94,4.83,4.93 4.9 0.063 1.28% 
90 5.74,5.6,5.73 5.69 0.077 1.36% 
10% CRM 
Binder 
modified with 
Aspha-min®  
30 3.96,4,3.96 3.97 0.024 0.61% 
60 4,4.03,4.02 4.02 0.017 0.41% 
90 4.17,4.17,4.2 4.18 0.019 0.46% 
10% CRM 
Binder 
modified with 
Sasobit® 
30 3.96,3.97,4.32 4.08 0.205 5.01% 
60 4,3.88,4.41 4.09 0.279 6.81% 
90 4.17,4.39,4.74 4.43 0.29 6.53% 
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Table A.10: Viscosity Results at 120 0C of CRM Binders as Function of Time after Adding the Warm 
Mix Asphalt Additive for Source E. 
Binder Type 
Time after the 
Additive Added 
to CRM Binder 
In Minutes 
Viscosity (Pa-S) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
10% CRM 
Modified 
Binder 
30 3.87,3.85,3.89 3.87 0.021 0.54% 
60 3.65,3.8,3.77 3.74 0.079 2.10% 
90 3.99,4,3.96 3.98 0.022 0.55% 
10% CRM 
Binder 
modified with 
Aspha-min®  
30 5.02,5.2,5.14 5.12 0.094 1.83% 
60 4.98,4.91,5.11 5.0 0.102 2.03% 
90 4.84,4.85,5.54 5.08 0.402 7.91% 
10% CRM 
Binder 
modified with 
Sasobit® 
30 3.58,3.8,3.6 3.66 0.121 3.29% 
60 3.63,3.64,3.51 3.59 0.073 2.02% 
90 3.87,3.83,3.86 3.85 0.022 0.57% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 143
Table A.11: High Failure Temperatures of Warm Asphalt Modified CRM Binders (No Aging). 
Binder 
Source 
10% CRM 
Binder 
Modified 
with 
High Failure Temperature (0C) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
A 
Control 75.2,75.6 75.4 0.28 0.38% 
Aspha-min®  78.4,77.1 77.8 0.92 1.18% 
Sasobit® 79.6,79.5 79.55 0.07 0.09% 
B 
Control 86.2,83 84.6 2.26 2.68% 
Aspha-min®  86.1,84.9 85.5 0.85 0.99% 
Sasobit® 87.1,87 87.05 0.07 0.08% 
C 
Control 73.3,72.7 73 0.42 0.58% 
Aspha-min®  75.2,75.6 75.4 0.28 0.38% 
Sasobit® 77.1,76.5 76.8 0.42 0.55% 
D 
Control 79.5,79.3 79.4 0.14 0.18% 
Aspha-min®  81.4,81.4 81.4 0 0.0% 
Sasobit® 80.3,81.1 80.7 0.57 0.71% 
E 
Control 76.7,78.5 77.6 1.27 1.64% 
Aspha-min®  80.1,80.3 80.2 0.14 0.18% 
Sasobit® 81.1,79.8 80.5 0.92 1.14% 
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Table A.12: High Failure Temperatures Results of Warm Asphalt Modified CRM Binders (RTFO 
Aging). 
Binder 
Source 
10% CRM 
Binder 
Modified 
with 
High Failure Temperature (0C) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
A 
Control 77.1,77 77.05 0.07 0.09% 
Aspha-min®  87.1,88.2 87.65 0.78 0.89% 
Sasobit® 87.2,88 87.6 0.57 0.65% 
B 
Control 83.4,79.5 81.45 2.76 3.38% 
Aspha-min®  86.3,85.9 86.1 0.28 0.33% 
Sasobit® 86.3,87 86.65 0.49 0.57% 
C 
Control 73.6,73.6 73.6 0 0.0% 
Aspha-min®  74,74.1 74.05 0.07 0.09% 
Sasobit® 74,74.9 74.45 0.64 0.85% 
D 
Control 86.1,86 86.05 0.07 0.08% 
Aspha-min®  85,85.3 85.15 0.21 0.25% 
Sasobit® 84.6,84.8 84.7 0.14 0.17% 
E 
Control 77.7,77.1 77.4 0.42 0.55% 
Aspha-min®  80.7,80.1 80.4 0.42 0.53% 
Sasobit® 79.4,79.2 79.3 0.14 0.18% 
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APPENDIX-B 
DSR Data 
Table B.1: G* Sin δ Results of Warm Asphalt Modified CRM Binders (RTFO+PAV Residual) at 
250C. 
Binder 
Source 
10% CRM 
Binder 
Modified 
with 
G*Sin δ (K.Pa) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
A 
Control 1659,1752 1706 66.06 3.87% 
Aspha-min®  2045,2039 2042 3.9 0.19% 
Sasobit® 2040,2281 2160 170.19 7.88% 
B 
Control 1340,1732 1536 277.14 18.04% 
Aspha-min®  1648,1419 1533 162.16 10.58% 
Sasobit® 1950,1620 1785 233.35 13.07% 
C 
Control 1081,1208 1145 89.67 7.83% 
Aspha-min®  1167,1184 1176 12.52 1.06% 
Sasobit® 1394,1217 1305 125.26 9.59% 
D 
Control 1496,1543 1520 32.65 2.15% 
Aspha-min®  1503,1605 1554 71.88 4.62% 
Sasobit® 1735,1697 1716 27.42 1.6% 
E 
Control 1400,1501 1451 71.47 4.93% 
Aspha-min®  1802,1592 1697 148.58 8.75% 
Sasobit® 1854,1814 1833.9 28.36 1.55% 
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Table B.2: Stiffness Results of Warm Asphalt Modified CRM Binders (RTFO+PAV Residual) at -
120C. 
Binder 
Source 
10% CRM 
Binder 
Modified 
with 
Stiffness (MPa) 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
A 
Control 131,126,128 128 2.52 1.96% 
Aspha-min®  148,148,150 149 1.15 0.77% 
Sasobit® 151,150,150 150 0.58 0.38% 
B 
Control 134,127,130 130 3.51 2.69% 
Aspha-min®  130,138,136 135 4.16 3.09% 
Sasobit® 134,134,134 134 0 0 
C 
Control 75.7,75.2,75.2 75 0.29 0.38% 
Aspha-min®  94,91.7,93.8 93 1.27 1.37% 
Sasobit® 109,99.4,105 104 4.82 4.62% 
D 
Control 79.3,95.2,89.4 88 8.05 9.15% 
Aspha-min®  90.2,79,82.7 84 5.71 6.79% 
Sasobit® 113,116,115 115 1.53 1.33% 
E 
Control 119,124,131 125 6.03 4.83% 
Aspha-min®  124,121,123 123 1.53 1.25% 
Sasobit® 124,132,131 129 4.36 3.38% 
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Table B.3: m-Value Results of Warm Asphalt Modified CRM Binders (RTFO+PAV Residual) at -
120C. 
Binder 
Source 
10% CRM 
Binder 
Modified 
with 
m-value 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
A 
Control 0.33,0.32,0.32 0.32 0.003 1.00% 
Aspha-min®  0.33,0.32,0.32 0.32 0.005 1.52% 
Sasobit® 0.29,0.28,0.28 0.28 0.009 3.4% 
B 
Control 0.35,0.34,0.34 0.34 0.007 1.95% 
Aspha-min®  0.34,0.34,0.33 0.34 0.005 1.55% 
Sasobit® 0.31,0.31,0.31 0.31 0.002 0.64% 
C 
Control 0.31,0.32,0.32 0.31 0.006 1.85% 
Aspha-min®  0.32,0.32,0.32 0.32 0.003 1.1% 
Sasobit® 0.27,0.29,0.29 0.28 0.014 5.0% 
D 
Control 0.32,0.31,0.32 0.31 0.006 1.92% 
Aspha-min®  0.31,0.33,0.33 0.32 0.008 2.60% 
Sasobit® 0.29,0.29,0.29 0.29 0.004 1.24% 
E 
Control 0.32,0.33,0.33 0.33 0.006 1.85% 
Aspha-min®  0.34,0.33,0.33 0.33 0.007 2.10% 
Sasobit® 0.31,0.31,0.31 0.31 0.004 1.31% 
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APPENDIX C 
Compaction Temperature Data 
Table C.1: % Air Voids Results of Warm Asphalt Modified CRM Mixtures for Aggregate Source A. 
Type of 
Mixture 
Compaction 
Temperature 
in 0C 
%Air Voids 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
Control 
97 4.7,5.1,5.2 5 0.3 5.3% 
116 3.5,4,3.6 3.7 0.3 7.15% 
135 3.8,4.3,4.5 4.2 0.4 8.59% 
154 3.2,3.6,3.7 3.5 0.3 7.56% 
10% 
Rubber 
Modified 
97 7.9,8.8,8.3 8.3 0.5 5.41% 
116 6.7,7.4,7.0 7 0.4 5% 
135 6.5,6.5,5.9 6.3 0.3 5.5% 
154 4.5,4.4,4 4.3 0.3 6.15% 
10% 
Rubber 
Modified 
plus 
Aspha-
min®  
97 6.9,6.5,6.3 6.6 0.3 4.65% 
116 5.4,5.2,5.8 5.5 0.3 5.59% 
135 4.4,4.7,4.3 4.5 0.2 4.66% 
154 3,2.7,3.1 2.9 0.2 7.1% 
10% 
Rubber 
Modified 
plus 
Sasobit® 
97 6.1,5.6,5.5 5.7 0.3 5.6% 
116 5,4.8,4.4 4.7 0.3 6.45% 
135 4.4,3.9,3.9 4.1 0.3 7.1% 
154 3.6,3.4,2.9 3.3 0.4 10.92% 
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Table C.2: %VMA Results of Warm Asphalt Modified CRM Mixtures for Aggregate Source A. 
Type of 
Mixture 
Compaction 
Temperature 
in 0C 
%VMA 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
Control 
97 17.7,18,18 17.9 0.2 0.97% 
116 16.6,17,16.6 16.7 0.2 1.38% 
135 16.8,17.3,17.4 17.2 0.3 1.87% 
154 16.3,16.7,16.8 16.6 0.3 1.6% 
10% 
Rubber 
Modified 
97 21.5,22.3,21.9 21.9 0.4 1.83% 
116 20.5,21.1,20.8 20.8 0.3 1.44% 
135 20.3,20.4,19.8 20.2 0.3 1.6% 
154 18.6,18.6,18.2 18.5 0.2 1.25% 
10% 
Rubber 
Modified 
plus 
Aspha-
min®  
97 20.6,20.3,20.1 20.3 0.3 1.24% 
116 19.3,19.2,19.6 19.4 0.2 1.07% 
135 18.5,18.7,18.4 18.5 0.2 0.82% 
154 17.2,17,17.4 17.2 0.2 1.16% 
10% 
Rubber 
Modified 
plus 
Sasobit® 
97 19.9,19.5,19.5 19.6 0.2 1.17% 
116 19,18.9,18.5 18.8 0.3 1.4% 
135 18.5,18.1,18.1 18.2 0.2 1.26% 
154 17.9,17.7,17.2 17.6 0.4 2.04% 
 
 
 
 
 150
Table C.3: %VFA Results of Warm Asphalt Modified CRM Mixtures for Aggregate Source A. 
Type of 
Mixture 
Compaction 
Temperature 
in 0C 
%VFA 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
Control 
97 73.1,71.6,71.3 72 1 1.3% 
116 78.9,76.7,78.6 78.1 1.2 1.53% 
135 77.6,75.1,74.3 75.7 1.7 2.27% 
154 80.6,78.3,78 79 1.4 1.8% 
10% 
Rubber 
Modified 
97 63.3,60.5,62 61.9 1.4 2.26% 
116 67.3,64.1,66.1 66.1 1.2 1.81% 
135 68,67.9,70.2 68.7 1.3 1.89% 
154 75.9,76.1,77.9 76.6 1.1 1.44% 
10% 
Rubber 
Modified 
plus 
Aspha-
min®  
97 66.6,67.8,68.5 67.6 1 1.42% 
116 72.2,72.7,70.6 71.8 1.1 1.52% 
135 76.1,74.7,76.4 75.7 0.9 1.2% 
154 82.8,84,81.9 82.9 1.1 1.27% 
10% 
Rubber 
Modified 
plus 
Sasobit® 
97 69.5,71.3,71.6 70.8 1.1 1.6% 
116 73.7,74.3,76.1 74.7 1.2 1.67% 
135 76.1,78.4,78.5 77.7 1.4 1.75% 
154 79.6,80.8,83.2 81.2 1.8 2.26% 
 
 
 
 151
Table C.4: %Air Voids Results of Warm Asphalt Modified CRM Mixtures for Aggregate Source B. 
Type of 
Mixture 
Compaction 
Temperature 
in 0C 
% Air Voids 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
Control 
97 5.5,4.8,5.2 5.2 0.4 6.8% 
116 3.8,4.3,3.7 3.9 0.3 8.17% 
135 4.4,4.2,3.9 4.2 0.3 6.03% 
154 4.3,4.0,4.2 4.2 0.2 3.66% 
10% 
Rubber 
Modified 
97 6.3,6.6,6.1 6.3 0.3 3.97% 
116 5.4,5.3,6.0 5.6 0.4 6.8% 
135 4.8,4.6,5.2 4.9 0.3 6.27% 
154 4.7,4.1,4.3 4.4 0.3 7.0% 
10% 
Rubber 
Modified 
plus 
Aspha-
min®  
97 5.1,5.3,5.7 5.4 0.3 5.7% 
116 4.6,5.0,4.9 4.8 0.2 4.2% 
135 4.3,4.2,3.8 4.1 0.3 6.5% 
154 3.4,3.4,3.8 3.5 0.2 6.53% 
10% 
Rubber 
Modified 
plus 
Sasobit® 
97 5.8,5.3,5.2 5.4 0.3 5.9% 
116 5.0,4.9,4.5 4.8 0.3 5.5% 
135 3.9,4.0,3.9 3.9 0.1 1.47% 
154 3.3,3.8,3.7 3.6 0.3 7.4% 
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Table C.5: %VMA Results of Warm Asphalt Modified CRM Mixtures for Aggregate Source B. 
Type of 
Mixture 
Compaction 
Temperature 
in 0C 
%VMA 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
Control 
97 15.5,14.9,15.3 15.2 0.3 2.0% 
116 14,14.5,14 14.2 0.3 2.03% 
135 14.6,14.3,14.1 14.3 0.3 1.75% 
154 14.5,14.4,14.2 14.4 0.2 1.06% 
10% 
Rubber 
Modified 
97 17.9,18.2,17.8 18 0.2 1.16% 
116 17.2,17.1,17.7 17.3 0.3 1.85% 
135 16.6,16.5,17 16.7 0.3 1.58% 
154 16.5,16,16.2 16.2 0.3 1.55% 
10% 
Rubber 
Modified 
plus 
Aspha-
min®  
97 16.9,17.1,17.4 17.1 0.3 1.47% 
116 16.4,16.8,16.8 16.7 0.2 1.38% 
135 16.2,16.1,15.8 16 0.2 1.3% 
154 15.5,15.4,15.7 15.5 0.2 0.98% 
10% 
Rubber 
Modified 
plus 
Sasobit® 
97 17.5,17.1,17.0 17.2 0.3 1.54% 
116 16.8,16.7,16.4 16.6 0.2 1.25% 
135 15.8,15.9,15.8 15.8 0.1 0.36% 
154 15.4,15.7,15.7 15.6 0.2 1.11% 
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Table C.6: %VFA Results of Warm Asphalt Modified CRM Mixtures for Aggregate Source B. 
Type of 
Mixture 
Compaction 
Temperature 
in 0C 
%VFA 
Raw Data Mean Standard Deviation 
Coefficient 
of Variation 
Control 
97 64.7,67.6,65.8 66 1.5 2.21% 
116 72.9,70.2,73.2 72.1 1.7 2.3% 
135 69.5,70.9,72.2 70.9 1.4 1.9% 
154 70.1,72.1,70.8 71 1 1.43% 
10% 
Rubber 
Modified 
97 64.9,63.9,65.6 64.8 0.9 1.32% 
116 68.3,69,66.2 67.8 1.5 2.15% 
135 71.3,72,69.4 70.9 1.3 1.9% 
154 71.7,74.4,73.2 73.1 1.4 1.85% 
10% 
Rubber 
Modified 
plus 
Aspha-
min®  
97 69.6,68.9,67.4 68.6 1.1 1.64% 
116 72.3,70.4,70.5 71.1 1.1 1.5% 
135 73.2,73.8,75.7 74.2 1.3 1.75% 
154 77.7,78.2,76 77.3 1.2 1.5% 
10% 
Rubber 
Modified 
plus 
Sasobit® 
97 66.8,68.9,69.3 68.3 1.3 1.96% 
116 70.2,70.8,72.6 71.2 1.2 1.75% 
135 75.4,74.9,75.6 75.3 0.4 0.48% 
154 78.3,76.0,76.4 76.9 1.2 1.6% 
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APPENDIX D 
Table D.1: Dry and Wet ITS Results of Warm Asphalt Modified CRM Mixtures for Aggregate 
Sources A and B. 
*Type of 
Mix 
Dry ITS Wet ITS 
TSR 
in % Raw data Mean Standard Deviation Raw data Mean 
Standard 
Deviation 
AIC 765.5, 747.9, 725.9 746.43 2.877 
654.95, 669.15, 
659.91 661.335 1.046 88.6 
AIA 734.8, 800.7, 757.4 764.34 4.857 
687.2, 702.1, 
591.72 660.35 8.688 86.4 
AIS 535.2, 570.2, 680.7 595.4 11.01 
606.4, 639.2, 
598.2 614.6 3.15 103.2 
BIC 914.8, 1065.2, 859.96 946.67 15.42 
967.51, 885.14, 
884.51 912.38 6.92 96.37 
BIA 971.37, 959.9, 918.14 949.82 4.06 
920.64, 900.51, 
898.27 906.47 1.78 95.43 
BIS 927.8, 1015.4, 881.8 941.7 9.84 
824.32, 892.6, 
902.92 873.28 6.19 92.73 
*AIC= Aggregate A, Control (10% CRM), AIA= Aggregate A, Aspha-min® +CRM, AIS= 
Aggregate A, Sasobit® +CRM, BIC=Aggregate B, Control (10%CRM), BIA= Aggregate B, Aspha-min® 
+CRM, BIS= Aggregate B, Sasobit® +CRM 
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Table D.2: Resilient Modulus Results at 5 0Cof Aged and Unaged WMA Modified CRM Mixtures for 
Aggregate Sources A and B. 
*Type of Mix AIC AIA AIS BIC BIA BIS 
M
R
 
at
 
5 
0 C
 
U
n
ge
d 
R
aw
 
D
at
a 
37260 17860 30124 89134 40800 44431 
32455 18175 30521 54280 39410 42216 
41360 17680 41959 81264 39894 41086 
33512 20254 43543 62821 38182 37975 
21023 25195 38477 39337 39748 37334 
21665 30048 37811 40003 40246 35793 
22866 22896 43828 64571 39007 34450 
25426 29248 43096 89134 37765 34472 
35646 17965 39456 67930 53496 46458 
33639 19586 30707 99404 50035 45546 
41110 17634 38453 91951 50680 46606 
31786 19861 37462 124525 47566 44095 
Mean 31479 21367 37953.083
3 
75362.833
3 
43069.083
3 
40871.83
33 
Standard 
Deviation 
7182.5849
7 
4499.8220
5 
5048.3068
4 
25236.787
8 
5653.0641
8 
4668.493
5 
M
R
 
A
ge
d 
at
 
5 
0 C
 
R
aw
 
D
at
a 
25179 28010 25750 33153 43454 46553 
25484 28062 26707 37564 40961 45336 
25671 27784 25085 37109 40910 45784 
28025 25214 25372 39306 41572 45028 
31369 30001 26112 39307 40088 37387 
31420 29632 26573 37510 42220 36308 
28832 29784 24956 39127 42512 37667 
29100 30032 26874 38780 42352 37314 
Mean 28135 28564.875 25928.625 37732 41758.625 41422.12
5 
Standard 
Deviation 
2521.7949
4 
1657.8312
4 
750.98867 2050.6203
9 
1081.6005
3 
4583.927
62 
*AIC= Aggregate A, Control (10% CRM), AIA= Aggregate A, Aspha-min® +CRM, AIS= 
Aggregate A, Sasobit® +CRM, BIC=Aggregate B, Control (10%CRM), BIA= Aggregate B, Aspha-min® 
+CRM, BIS= Aggregate B, Sasobit® +CRM 
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Table D.3: Resilient Modulus Results at 25 0Cof Aged and Unaged WMA Modified CRM Mixtures 
for Aggregate Sources A and B. 
*Type of Mix 
 
AIC AIA AIS BIC BIA BIS 
M
R
 
at
 
25
 
0 C
 
U
n
-
ag
ed
 
 
R
aw
 
D
at
a 
 
11013 6660 23497 27827 22929 12326 
11552 6765 22818 21823 28657 13333 
13879 14004 12159 17768 15061 12564 
13161 14629 11400 19199 21863 13628 
20660 9464 10014 15500 12753 17855 
18449 9620 9295 23184 11800 16652 
13285 10344 8593 29848 14450 16703 
13619 9897 8940 30267 14100 14241 
17697 8310 11222 34734 12813 17050 
16938 7779 8564 32417 10693 13578 
11965 16112 9265 11999 10712 13667 
12345 14503 10643 14421 20516 14160 
 
Mean 14547 10674 12201 23249 16362 14646 
 
Standard Deviation 3105 3298 5249 7644 5743 1890 
M
R
 
A
ge
d 
at
 
25
 
0 C
 
 
R
aw
 
D
at
a 
 
12583 6735 5671 13017 13859 12041 
12326 7144 5382 12708 12724 11507 
11920 6920 5278 11842 13410 11318 
11012 6398 5143 11487 13750 11273 
13435 6531 6326 11013 12548 9923 
13281 8546 5621 10983 12254 10235 
12792 7156 5896 10909 11862 10048 
12068 6239 6156 10407 12099 9730 
 
Mean 12427 6959 5684 11546 12813 10759 
 
Standard Deviation 784 723 420 919 768 872 
*AIC= Aggregate A, Control (10% CRM), AIA= Aggregate A, Aspha-min® +CRM, AIS= 
Aggregate A, Sasobit® +CRM, BIC=Aggregate B, Control (10%CRM), BIA= Aggregate B, Aspha-min® 
+CRM, BIS= Aggregate B, Sasobit® +CRM 
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Table D.4: Resilient Modulus Results at 40 0Cof Aged and Unaged WMA Modified CRM Mixtures 
for Aggregate Sources A and B. 
*Type of Mix AIC AIA AIS BIC BIA BIS 
M
R
 
at
 
40
 
0 C
 
U
n
ag
ed
 
R
aw
 
D
at
a 
13657 4304 10026 8370 4447 6616 
15320 5602 8895 8320 6840 7263 
7430 5425 8253 10479 7345 6504 
7187 5867 10400 9075 7433 6052 
2925 2967 7234 6229 7295 8166 
3645 2894 8324 5819 6340 7645 
3438 5513 7561 11372 5945 9650 
2990 10407 6893 11767 6969 7114 
4374 5963  10272 6188 5412 
5051 2961  9983 5436 6808 
7526 6324  9378 5440 5963 
13975 6121  10119 5373 6837 
Mean 7293 5362 8448 9265 6254 7003 
Standard Deviation 4562 2053 1267 1841 953 1121 
M
R
 
A
ge
d 
at
 
40
 
0 C
 
R
aw
 
D
at
a 
3617 2960 3076 4831 5075 4456 
3879 3751 2788 5077 5301 4497 
3814 3311 2908 5093 5729 4598 
3716 3741 3867 5040 5523 4263 
4596 3336 3156 5344 4598 2777 
4740 3546 3548 5150 4264 4728 
4538 3712 2987 4850 3926 4424 
4435 3165 2543 4665 2987 4790 
Mean 4167 3440 3109 5006 4675 4317 
Standard Deviation 453 294 422 214 923 645 
*AIC= Aggregate A, Control (10% CRM), AIA= Aggregate A, Aspha-min® +CRM, AIS= 
Aggregate A, Sasobit® +CRM, BIC=Aggregate B, Control (10%CRM), BIA= Aggregate B, Aspha-min® 
+CRM, BIS= Aggregate B, Sasobit® +CRM 
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Table D.5: APA Results of WMA Modified CRM Mixtures for Aggregate Sources A and B. 
*Type of Mix AIC AIA AIS BIC BIA BIS 
R
u
t D
ep
th
 
in
 
m
m
 
R
aw
 
D
at
a 
0.30 4.26 1.78 1.08 1.78 0.89 
1.19 3.34 0.89 0.73 2.30 1.28 
0.79 3.87 2.89 0.72 0.81 1.89 
0.54 3.92 2.38 1.93 0.94 1.19 
1.96 2.59 1.79 1.75 1.81 2.49 
1.57 2.39 2.06 1.01 2.32 1.81 
2.09 1.78 1.50 0.98 1.28 1.35 
1.43 2.62 1.82 0.82 1.40 2.42 
1.33 1.99 3.19 1.68 1.81 1.25 
1.59 1.60 2.69 1.50 1.72 1.72 
2.41 1.38 1.89 0.54 1.00 0.89 
2.11 1.42 1.98 0.85 1.18 1.56 
Mean 1.44 2.60 2.07 1.13 1.53 1.56 
Standard Deviation 0.66 1.03 0.63 0.46 0.51 0.53 
*AIC= Aggregate A, Control (10% CRM), AIA= Aggregate A, Aspha-min® +CRM, AIS= 
Aggregate A, Sasobit® +CRM, BIC=Aggregate B, Control (10%CRM), BIA= Aggregate B, Aspha-min® 
+CRM, BIS= Aggregate B, Sasobit® +CRM 
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Table D.6: Resilient Modulus Results at 5 and 25 0Cof WMA Modified CRM Mixtures for Aggregate 
Source C. 
*Type of Mix CDC1 CDA1 CDS1 CDC CDA CDS 
M
R
 
at
 
5 
0 C
 
 
R
aw
 
D
at
a 
41896 36875 66459 66763 73564 56234 
42657 34259 62156 58462 66598 36548 
43264 41562 64539 39791 71234 41347 
39412 30851 62354 73215 64268 42679 
38564   71532 62149  
39514   59856 61856  
43187   55167 77354  
41243   48689 69513  
 
 
  
 
 
 
 
  
 
 
      
      
Mean 41217 35886 63899 59184 68317 44202 
Standard Deviation 1844 4516 2070 11402 5584 8442 
M
R
 
at
 
25
 
0 C
 
R
aw
 
D
at
a 
18792 15648 9642 23455 19564 14367 
11674 14367 8542 21546 26541 11564 
9547 8654 13617 19873 14357 6621 
10531 10451 12143 18465 11594 7169 
14621   21489 16879  
12478   20465 17521  
11823   21647 14499  
10264   17564 14843  
Mean 12466 12280 10986 20563 16974 9930 
Standard Deviation 2995 3275 2312 1899 4551 3693 
*CDC= Aggregate C, Control, CDA= Aggregate C Aspha-min®, CDS= Aggregate C, Sasobit®, 
CDC1=Aggregate C, Control (10%CRM), CDA1= Aggregate C, Aspha-min® +CRM, CDS 1= Aggregate 
C, Sasobit® +CRM; D is the Binder Source. 
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Table D.7: APA Results of WMA Modified Mixtures for Aggregate Source C. 
*Type of Mix CDC1 CDA1 CDS1 CDC CDA CDS 
R
u
t D
ep
th
 
in
 
m
m
 
R
aw
 
D
at
a 
2.5 2.4 2.1 6.43 6.18 3.39 
2.3 2.3 1.8 5.88 5.28 3.58 
2.5 2.3 1.9 7.12 5.79 4.84 
1.9 1.8 1.8 6.79 6.34 5.08 
      
      
      
      
      
      
      
      
Mean 2.3 2.2 1.9 6.55 5.89 4.22 
Standard Deviation 0.28 0.27 0.14 0.53 0.47 0.86 
*CDC= Aggregate C, Control, CDA= Aggregate C Aspha-min®, CDS= Aggregate C, Sasobit®, 
CDC1=Aggregate C, Control (10%CRM), CDA1= Aggregate C, Aspha-min® +CRM, CDS 1= Aggregate 
C, Sasobit® +CRM; D is the Binder Source 
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Table D.8: Superpave Gradation for 9.5 mm Mix with Aggregate C 
Sieve Size Lower Limit Upper Limit Job Mix Formula 
19 100 100 100 
12.5 98 100 100 
9.5 90 100 94 
4.75 54 70 61 
2.36 32 48 41 
0.6 14 26 20 
0.15 5 13 8.4 
0.075 3 9 5.04 
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